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ABSTRACT 
Environmentally responsive microgels comprised of cross-linked polymer latex 
particles have drawn significant attention due to their intrinsic ability to rapidly change 
volume through various external stimuli such as pH, temperature, osmotic pressure, or 
electric and magnetic fields. Therefore, microgel dispersions have become a highly active 
topic of research as model colloids and for their potential in interdisciplinary scientific 
fields and applications such as enhanced oil recovery, biomaterials and catalysis. This 
work focuses on synthesis and characterization of environmentally responsive microgels 
and their composites, and encompasses methods of utilizing microgel systems as vehicles 
for the adsorption, retention, and targeted delivery of active species. Furthermore, ionic 
liquid (IL)-in-water emulsions are shown to be stabilized via responsive microgels.  
This thesis first reports on the fundamental aspects of synthesis, functionalization, 
and characteristic properties of multifunctional environmentally responsive microgels 
derived from poly(N-isopropylacrylamide) (PNIPAm) and other functional comonomers. 
In particular, the uptake and release of active chemical species such as rheology 
modifiers into and from these ionic microgels is demonstrated. Moreover, a facile tunable 
method for the formation of organic-inorganic composites with Fe3O4-NPs adsorbed and 
embedded within ionic microgel particles is explored. 
Additionally, the development of zwitterionic microgels (ZI-MG) is presented. 
These aqueous ZI-MG dispersions exhibit reversible parabolic swelling as a function of 
pH and display a minimum hydrodynamic diameter at a tunable isoelectric point (IEP). 
This study also elucidates the controlled uptake and release of surfactants from these 
particle systems. The extent of surfactant loading and the ensuing relative 
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swelling/deswelling behaviors within the colloidal polymer networks are explained in 
terms of their binding interactions.  
In another component of this thesis, the versatility of fluorescently labeled 
composite microgel particles as stabilizers for IL-in-water Pickering emulsions was 
investigated. When the prepared particles form monolayers and equilibrate at the liquid-
liquid interface on fully covered emulsion droplets, the colloidal lattice organization re-
orders itself depending on the surface charge of these particles. Finally, it is shown that 
the spontaneously formed and densely packed layer of microgel particles can be 
employed for extraction applications, as the interface remains permeable to small active 
species. 
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1. INTRODUCTION 
Microgel particles are deformable and soft. They are typically comprised of a 
water-swollen crosslinked gel-network of colloidal dimensions. The microgel system is a 
dispersion solution as the composition within the microgel is thermodynamically 
balanced with the solvency conditions of the medium in which they are dispersed [1]. 
The equilibrium size of the microgel particle in dilute solution is determined by the 
intricate balancing between osmotic pressure within the gel-particle, derived from 
hydrated monomers and the possible incorporation of ionic functional groups, and the 
entropic elasticity arising from the crosslinked polymer chains. In recent years, microgel 
particles have drawn a significant amount of attention in multiple fields of research due to 
their intrinsic ability to rapidly change their volume (i.e. swell or deswell) through 
various external stimuli such as pH [2], temperature [3-5], osmotic pressure [6-8], or 
electric and magnetic fields [9-11]. They are currently used in a vast array of applications 
and consumer products, including surface coatings [12, 13], cosmetics [14, 15], and as 
promising controlled drug-delivering agents [16, 17]. 
The first part of the work reported herein describes the design and synthesis of 
multifunctional microgel particle systems with respect to various factors encompassing 
polymer composition, variation in temperature, pH, and solvent quality. In addition, the 
functional roles of environmentally responsive microgel systems potentially well suited 
as relevant vehicles for adsorption, retention, and targeted delivery for novel carrier 
applications of active species were investigated.  
In addition, microgel particles have exhibited a remarkable duality with properties 
attributed both to colloidal and polymeric systems. Recent work has demonstrated that 
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the prepared gel-particles can be utilized to stabilize fluid interfaces leading to fascinating 
interfacial phenomena. This is due to liquid-liquid interfaces, which are able to provide 2-
D templates for self-assembly of small particles. By virtue of inter-particle interactions 
alone, intricate patterns and structures spontaneously form and may be fused together to 
maintain their morphology in the absence of the interfacial template. Flat liquid-liquid 
interfaces can be used to make membrane-like structures whereas spherical interfaces 
(e.g. emulsion droplets) can be applied to make capsule-like structures. Such micro- and 
nano-structures may have potential impact especially for applications in biomedical, 
food, and petroleum fields.  
In addition, this phenomenon manifests as Pickering emulsions, which have 
already seen wide application. Emulsions are stable mixtures of immiscible liquids, one 
liquid being dispersed as droplets in the other. To stabilize against coalescence and 
eventual separation, Pickering emulsion droplets are armored with solid particles. These  
emulsions offer many advantages over traditional surfactant stabilized emulsions. For 
example, Pickering emulsions impart enhanced stability against coalescence and, in many 
cases, are biologically attuned and environmentally-benign with easier handling. These 
characteristics open the door for their application in a variety of industries, spanning the 
recovery, separation and cleaning of crude oil [18-20], food [21-23], delivery of 
biomedicine [24-26], pharmaceuticals, and cosmetics. So far, particle self-assembly has 
been studied primarily at oil-water interfaces. Ionic liquids (ILs) are a novel class of 
liquids with a wealth of useful properties that can greatly enhance the applicability and 
tunability of self-assembly processes. Room temperature ILs are ionic materials which 
melt below 100˚C, many of at room temperature [27]. The remarkable advantage of ILs is 
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that their properties can be tuned for virtually any application simply by judicious choice 
of constituent ions. Consequently, they are also called “designer solvents.” Such 
tunability would significantly augment the field of particle self-assembly. For example, 
self-assembly at liquid-liquid interface is usually governed by properties of the solid 
particles, which sometimes requires extensive functionalization. If instead this process 
could be tuned by the solvent, the cost of continuous production of self-assembled 
structures could be greatly reduced because there would be no need to repeatedly 
functionalize particles.  
Pickering emulsions stabilized with solid particles already have wide applications 
and with the incorporation of ILs, their properties may be optimized for specific tasks. 
Understanding microgel particle behavior at IL-based liquid-liquid interfaces, however, 
has remained largely elusive. The latter part of the work has established the versatility of 
utilizing composite microgel particles in stabilizing ionic liquid-in-water emulsions. The 
details of their adsorption, conformation, and organization at the interfacial colloidal 
lattice of the spontaneously formed layer of adsorbed microgel particles at the liquid-
liquid interface were explored and shown to have potential use in extraction processes as 
the interface remains permeable to active species. The corresponding presentation is 
organized as follows: 
Chapter 2 of this thesis is divided into multiple sections dedicated to informing 
the reader with a fundamental understanding of the synthesis and functionalization 
properties of environmentally responsive microgel particles, the fundamental principles 
denoting particle self-assembly, and providing a brief introduction to ILs. The volume 
transitions of polymer gels resulting from the competition between attractive and 
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repulsive fundamental interactions within the polymer network are discussed in extended 
detail. Furthermore, the motivations for the work are identified and extensively described. 
Chapter 3 describes the materials and methodology utilized in all the thesis work. In 
Chapter 4, a detailed study focused on the development and characterization of 
multifunctional microgel systems for the controlled and targeted delivery of active 
chemical species is presented. Specifically, the results of the synthesis and 
characterization of multifunctional ionic and zwitterionic microgel systems which may 
undergo an extensive, reversible change in volume in response to environmental stimuli 
such as pH and temperature are further discussed. Additional studies have elucidated the 
effective uptake and release of rheology modifiers and molecular surfactants from these 
microgel particles owing to their unique environmental sensitivities. In another 
component of this work; it is explicitly shown that the prepared ionic microgel particles 
can demonstrate abilities to adsorb and repel nanometer-sized inorganic components, 
such as iron oxide nanoparticles (Fe3O4-NPs) upon pH variation. The extent of the 
loading of Fe3O4-NPs within the colloidal particles and morphology can be manipulated 
by tunable interactions between the Fe3O4-NPs and ionic microgel particles. The latter 
section of this chapter reports new evidence of the versatility of soft and environmentally 
responsive micron-sized colloidal gel particles as stabilizers for ionic liquid-water 
Pickering emulsions. These particles display a duality with properties ascribed typically 
both to polymeric and colloidal systems. The utilization of fluorescently labeled 
composite microgel particles allows in-situ and facile visualization without the necessity 
of invasive sample preparation procedures. When the prepared particles form monolayers 
equilibrated at the liquid-liquid interface on fully covered emulsion droplets, the colloidal 
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lattice organization re-orders itself depending on the surface charge of these particles. 
Moreover, it was demonstrated that the spontaneously formed and densely packed layer 
of microgel particles can be employed for extraction applications, as the interface 
remains permeable to small active species. Finally, Chapter 5 recaps the work for the 
characterization of the multifunctional properties of those prepared microgel particle 
systems as well as their applications. In the last section, future work is proposed to 
investigate the unique properties of microgel-stabilized responsive emulsions.  
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2. BACKGROUND & MOTIVATIONS 
2.1 Defining Microgels 
Microgels are dispersions of colloidal-scale particles, each comprised of a cross-
linked polymer network [28]. Swollen microgels have a particle size within the range of 
100 nanometers to several microns. Microgels can be made responsive owing to their 
ability to undergo rapid volume phase transitions. The extent of particle swelling is 
governed by the intrinsic nature of the polymer-solvent interaction, which is responsive 
to solution conditions. Thus, the particle size and the dispersion properties are responsive 
to external stimuli that affect the solvent including pH [29-32], temperature [33, 34], 
magnetic [35, 36] and electric fields [37, 38], or osmotic pressure [39]. 
Baker first introduced solvent-swellable microgel dispersions in 1956 when he 
prepared cross-linked polybutadiene latex particles and studied its swelling properties in 
a number of hydrophobic solvents [40]. Since that time, a large amount of work focused 
on microgel dispersions has also been reported. In 1986, Pelton and Chilante were the 
first to synthesized the most widely investigated water-swellable thermosensitive 
microgel dispersions based upon of poly(N-isopropylacrylamide) (PNIPAm) [41]. They 
found that the tunable nature of the physical properties and the intrinsic viscoelasticity of 
these microgel particles lead to a wide range of unique material properties.     
In the recent years, advancements in multifunctional microgels have become a 
highly active research topic in both fundamental studies of soft matter as well as in 
interdisciplinary applied scientific fields. In particular, major areas of development 
include the use of microgels for the fabrication of photonic crystals [42-45], template-
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based synthesis of inorganic nanoparticles with multifunctional properties [46-50], and as 
promising controlled drug delivery systems [51]. 
In general, microgels could be classified based on the physical or chemical nature 
of the cross-links that are responsible for their particle size and network structure. In 
microgels obtained by physical cross-linking, the network formation could be induced via 
non-covalent attractive forces such as hydrophobic bonding, and the more dominant ionic 
interactions [28]. Moreover, physically cross-linked microgel systems are sensitive and 
may lose colloidal stability upon exposure to various factors such as temperature, 
polymer composition, ionic strength (i.e. salt concentration), and the cross-linking 
densities. Applications of physically cross-linked microgels are often ideal for 
biodegradable systems. For example, these cross-linked microgels have been utilized for 
the uptake of drugs, which can be released upon dissolution of the polymer network. In 
contrast, microgels obtained via chemical cross-linking are more stable due to their 
covalent nature. These microgels are typically prepared by free-radical polymerization 
and retain a permanent gel-network structure derived from the addition of a crosslinking 
agent, which is imperative to prevent the microgels from dissolving in water during the 
copolymerization of the monomers.  
Microgels could also be categorized based on their stimuli responsive properties, 
as attained by the types of functional groups composed within those particles. Non-
responsive microgels are only swellable upon the absorption of water whereas 
environmentally stimulus-responsive microgels can rapidly change their volume through 
various external stimuli. The PNIPAm-based multifunctional microgel systems reported 
in this work are responsive to various environmental stimuli such as temperature and pH.  
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2.2 Microgel Dispersion Preparation 
To accommodate the development of microgels, the objectives of microgel 
synthesis include regulating the particle size distribution, enhancing the colloidal 
stability, and controlling the distribution of functional groups. Figure 2.1 illustrates 
structures of the monomers frequently used to prepare microgel particles. The most 
widely studied approach to synthesizing microgel dispersions is via homogenous 
nucleation [28].  In homogenous nucleation, a solution of soluble monomer, including a 
cross-linking agent, is fed into the reactor and microgel particles are formed over the 
course of polymerization. An essential requirement for distinct particle formation is that 
the polymer formed must be insoluble under the polymerization conditions; monomers 
giving soluble polymers under the polymerization conditions will form a macrogel [52].   
Figure 2.1 Chemical structures of the monomers widely applied to 
synthesis stimuli-responsive microgel particles. The monomers are (a) 
methylmethacrylate, (b) methacrylic acid, (c) styrene, (d) 
divinylbenzene, (e) acrylics acid, (f) N-isopropylacrylamide, (g) N-N’-
methylene bisacrylamide and (h) ethyleneglycol dimethacrylate. Adapted 
from [28]. 
  
9 
Four methods have been reported to describe the synthesis of microgel particles; 
anionic copolymerization [53], cross-linking of neighboring polymer chains [54], inverse 
micro-emulsion polymerization [55], and emulsion polymerization (EP) [52]. However, 
EP is the primary technique used for the preparation of multifunctional stimulus-
responsive microgel dispersions involving homogeneous nucleation. In general, EP can 
be implemented in the presence of added surfactant (conventional EP) or with no 
employment of surfactant (surfactant-free emulsion polymerization, SFEP). In the first 
method, the presence of added surfactant provides stability through the polymerization 
and allows the microgel dispersions to be synthesized with higher total solid contents and 
a smaller particle size distribution (e.g. particles with hydrodynamic diameters less than 
~150 nm). However, one major problem associated with the conventional EP approach is 
the difficulty of removing residual surfactant. In contrast, for the SFEP method, to avoid 
the contamination of residual surfactant, an anionic or cationic initiator is employed to 
charge the polymer chains formed during the polymerization stage to provide stability for 
Figure 2.2 The synthesis mechanism of microgel dispersions utilizing SFEP. Please 
note, the closed circles illustrate the free-radical sites and the M and X
+ 
are the vinyl 
monomer and the thermal decomposition product from the cationic initiator, 
correspondingly. 
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the growing particles. Figure 2.2 depicts the general mechanism for preparation of 
microgel dispersions following SFEP.  
The typical mechanism of an SFEP batch starts when all the monomer and ionic 
initiators are added at the beginning of the free-radical polymerization. During this 
process, the thermal decomposition of the ionic initiator initiates the surface-active 
oligomers to grow until they exceed the solubility limit of the solvent and reaches a 
critical chain length. Past this critical length, the growing chain collapses to form 
precursor particles. Further particle growth occurs as the precursors either aggregate with 
other precursor particles or deposit onto an existing, colloidally stable microgel particle. 
A termination step ensues within the particles once the radical species enters the growing 
particle.  
A key feature of SFEP is that the duration of the nucleation stage is very short, 
thus a narrow final particle size distribution can be attained by increasing the electrolyte 
concentration and decreasing the initiator concentration [56]. In addition, SFEP method 
only applies to monomers with low water solubility, whereas most vinyl monomers used 
to produce specific environmentally responsive microgels are water-soluble. Therefore, 
the nomenclature surfactant-free “precipitation polymerization” denotes the preparation 
method of these microgel particles. Overall, this synthesis method is well suited for the 
preparation of PNIPAm-based microgel systems. Figure 2.3 shows a schematic 
illustration of a typical microgel particle at various distance scales upon successful 
synthesis. 
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2.3 Stimuli-Responsive Microgels 
The tunable nature of the stimuli-responsive properties of microgels leads these 
dispersions to a broad range of versatile applications. The most investigated water-
swellable thermosensitive microgels are derivatives of the thermosensitive monomer, 
NIPAm. The fundamental solution behaviors of PNIPAm in a solvent are contingent on 
various interactions such as solvent-solvent, polymer-polymer, and polymer-solvent. At 
low temperatures, linear PNIPAm chains are highly solvated due to the hydrogen-
bonding between the amide residues on the polymer chains and the water molecules. 
Moreover, the water molecules are likely to form cage-like structures around the 
isopropyl groups on the polymer as the intensified hydrophobic effects dominant [57]. At 
low temperatures, PNIPAm exists in a random coil state induced by the stronger 
polymer-solvent interactions. However, once the temperature is elevated, the polymer-
polymer interactions become more dominant, breaking the hydrogen-bonding between 
the water molecules and polymer, resulting in an entropy-driven phase separation as the 
polymer chains transition into a globule conformation. Figure 2.4 shows the thermo-
Figure 2.3 Shows a representation of the generic PNIPAm-based microgel at three 
distance scales. Adapted from [52]. 
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induced coil-to-globule transition of PNIPAm.  The lower critical solution temperature 
(LCST) is termed as the temperature at which this phase transition occurs.  
For linear PNIPAm in water the LCST occurs at ~32˚C [5]. Please note that 
PNIPAm intrinsically possesses an inverse solubility upon heating. At the LCST, 
PNIPAm rapidly changes its hydrophilicity and hydrophobicity. Heskins and Guillet 
were the first to comprehensively investigate the entropy-favored thermodynamic origin 
of the LCST for linear PNIPAm [58]. The Gibbs free energy of this system can be 
described by the equation below. 
 (Equation 2.1) 
At lower temperatures, the free energy of mixing (ΔGmix) is reduced. This is due 
to the dominating contribution of the negative enthalpy (ΔHmix) in response to the 
hydrogen-bonding and decreased entropy (ΔSmix) resultant from the reorientation of the 
water molecules around the nonpolar regions of the PNIPAm. At higher temperatures, the 
entropy dominates, inducing the free energy to grow in turn causing the PNIPAm to 
release the absorbed water and initiate the phase separation [59, 60].  
mix mix mixG H T S    
Figure 2.4 Shows a snapshot of the thermo-induced coil-to-globule 
transition of PNIPAm polymer chains. Adapted from [57]. 
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Figure 2.5 depicts the thermosensitive phase transition demonstrated in PNIPAm 
chains and gels. In PNIPAm-based microgel systems, the LCST of the linear polymer 
manifests as the volume phase transition temperature (VPTT). The VPTT of the 
microgels is influenced via cross-linking density, solvent nature and composition, and the 
incorporation of the functional groups via copolymerization [61]. Below the VPTT, the 
microgels remain in their swollen, hydrophilic state. At temperatures above the VPTT, 
the gels deswell to the shrunken relatively hydrophobic state.  
 
Overall, PNIPAm-based microgel systems feature higher surface area, diffusivity, 
and relatively faster stimuli-response kinetics in comparison with their bulk hydrogel 
counterparts [62-65]. Potentially, applications of PNIPAm-based microgels are well 
suited for the novel delivery of small active species. 
  
Figure 2.5 illustrate the schematic depiction of the thermally induced 
phase transition in linear PNIPAm and gel systems. Adapted from [31]. 
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2.3.1 Fundamental Interactions 
The volume phase transition of colloidal polymer-gel ensues from the competition 
of pairwise attractive and repulsive interactions within the polymer-gel network and 
between the polymer-gel network and the solvent it is immersed in. In general, the 
presence of net attractive interactions may lead to particle aggregation. However, in the 
case of microgel particles, the net attraction is typically weak, so that any resulting 
coagulation is generally reversible. There is usually a combination of several fundamental 
intermolecular forces involved during the microgel swelling process, such as Van der 
Waals, hydrophobic, electrostatic, and hydrogen-bonding [66]. Figure 2.6 shows an 
illustration of the fundamental interactions governing in various gel-solvent systems.  
The net balance that dictates the swelling of the gel-network can be influenced by the 
manipulation of these forces. To elaborate, if the net repulsive interactions governing the 
gel-network dominate the particles tend to swell. In contrast, the gel-network tends to 
Figure 2.6 Illustrates a schematic representation of the four fundamental 
interactions acting in various microgel-solvent systems: (a) hydrophobic, (b) 
Van der Waals, (c) ionic/electrostatic and (d) hydrogen-bonding interactions. 
Adapted from [1]. 
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deswell if the net interactions become attractive. Thus, the net interaction balance within 
the gel-network can be fine-tuned via controlling the variables triggering the volume 
transitions of these microgels. 
2.3.1.1 Hydrophobic Interactions 
Hydrophobic interactions have an entropic origin and describe the strong 
attractive interactions occurring among the hydrophobic molecules in water. For linear 
polymers, in order to maximize the entropy, rearrangements of the water molecules must 
drive the polymer chains to aggregate. For gel-like network structures, such interaction 
can be generated by the variation of the side group of the polymer chains. In the case for 
PNIPAm-based microgels, by increasing the temperature above the thermally induced 
VPTT, the hydrophobic interactions dominate, resulting in a collapse of the polymer-gel 
network. Furthermore, the hydrophobic effect can be augmented via the addition of 
organic solvents such as alcohols. This effect is due to the ordered structural 
rearrangement of the encapsulated neighboring water molecules in the presence of 
hydrocarbon molecules [67, 68]. Other Studies with this type of solvents has been 
reported on poly[(methyl methacrylate)-co-(methacrylic acid)]  gels [69]. 
2.3.1.2 Van der Waals Interactions 
The pairwise potential between neutral microgels consists of a short-range 
repulsion that is analogous to the interaction among two polymer-coated surfaces, and the 
long-ranged van der Waal interactions which stems from the difference in the Hanmaker 
constants of the particle and the solvent [70]. Van deer Waals interactions are represented 
as dispersion forces derived from the orientation-dictated interactions between permanent 
dipoles, attractive instantaneous dipole-induced dipole, and induction forces. Since those 
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interactions extents from interatomic distances to nanometers between dipoles, their 
presence is more vital in non-polar solvents for macromolecules such as polymers and 
surfactants. Moreover, for gel-like systems, the addition of a non-polar solvent such as 
acetone may enhance the attractive Van der Waals interaction between polymer chains 
prompting the gel-network to collapse [71-73].  
2.3.1.3 Electrostatic Interactions 
Electrostatic interaction is defined as a long-range force that exists between 
charged molecules or ions. Those forces are considered to be the strongest among all 
intermolecular interactions for microgel dispersions that have been prepared using 
monomers containing ionic functional groups. The presence of electrostatic interactions 
is vital in the establishment of osmotic pressure via counterions as a resultant of ion-
redistribution for the volume transition of ionic microgel systems. In addition, those 
forces also play an important role in the mechanism for direct Coulombic interactions. To 
further elaborate, when the microgel network carries a fixed charge (positive or negative) 
along its backbone, those charges will induce an imbalance among the ion distributed 
outside and inside the polymer-gel, thus leading it to swell or deswell. In addition, 
Coulomb repulsion screened by water due to the osmotic pressure exerted via counterions 
may also contribute to the volume phase transition [74, 75].  
Experimentally, this phenomena can be found in the later discussed cationically 
charged poly(NIPAm-co-DMAPMA) microgel system. However, for multifunctional 
microgel systems which carry both cationic and anionic functional groups attached to the 
gel-network, such as a zwitterionic poly(NIPAm-co-AAc-co-DMAPMA) microgel 
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system, the polymer chains exert long-range electrostatic attractions while repelling each 
other over short ranges.  
2.3.1.4 Hydrogen-Bonding 
A hydrogen-bond is an attractive interaction between polar molecules that 
transpires when a hydrogen atom is bonded to a highly electronegative atom. The 
formation of attraction-driven hydrogen-bonds is directionally dependent as it requires an 
optimal orientation between the groups involved [76]. Thus, hydrogen-bond attractions 
can occur through intermolecular interactions between molecules or via intramolecular 
means. In the case of polymer gels, hydrogen-binding is a relevant interaction which 
greatly affects the swelling behavior of the prepared gel dispersions. To elaborate, the 
flexibility of the polymer chains allows the formation of inter-chain and intra-chain 
bounding. As temperature increases, in the presence of those attractive forces, the 
hydrogen-bonds are unable to withstand thermal agitation and break contributing to the 
collapse of the gel-network [70]. Similar to hydrophobic interactions, the addition of 
organic solvents, such as alcohols can also affect the hydrogen-bonding between water 
molecules [77]. 
For PNIPAm-based microgel systems, the volume phase transition is dominated 
via the hydrophobic interaction. However, at temperatures below the VPTT, hydrogen-
bonds are formed among the amide groups of the PNIPAm as water molecules 
reorganizes around the alkyl groups of the polymer chains. Additionally, above the 
VPTT, these bonding interactions diminish and ultimately induce the collapse of the gel-
network. 
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2.3.2 Responsive Microgel Particle Swelling: Experiments 
2.3.2.1 Temperature-Responsive Particles 
The origin of the thermosensitive properties of PNIPAm-based microgels was 
reviewed previously. At temperatures below the VPTT, the microgels are highly swollen 
and contain a large amount of water. Above this temperature, due to the expulsion of 
water content from the interior of the gel-network, the microgel is deswollen and has 
much smaller water content. Additional studies have shown that the VPTT of pure 
PNIPAm microgels is marginally higher when compared to the LCST of its linear 
polymer. This phenomenon is due to the increased heterogeneity of the polymeric 
subchain length within the microgels [78]. As hydrophobic interactions dominate above 
the VPTT, the regions with longer polymeric subchains collapse earlier than the regions 
with shorter subchains, thus leading the gel-network to undergo the phase transition at 
slightly different temperatures in contrast to its linear parent.  
Furthermore, the VPTT of PNIPAm microgel systems can be finely tuned via 
copolymerization of other reactive functional monomers. This is due to the intricate 
balancing of the hydrophobic to hydrophilic interactions within the polymer-gel network. 
By the incorporation of hydrophilic moieties, VPTT can be increased. On the other hand, 
the incorporation of hydrophobic functional moieties decreases the VPTT.  
Additionally, the VPTT can be heightened via increasing the co-monomer 
content. For example, Burmistrova and co-workers prepared anionic charged 
poly(NIPAm-co-AAc) particles and found that the VPTT increased with increasing the 
co-monomer content [3]. Figure 2.7 shows the dependence of the average hydrodynamic 
radius as a function of temperature for four types of microgels copolymerized with 
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various molar percentage of AAc. The growth in the hydrodynamic sizes of the particles 
with increasing co-monomer content is determined to be due to amplified electrostatic 
repulsion between the polymer chains and an increase in the osmotic pressure [7]. 
Interestingly, the incorporation high of AAc content also can lead to a two-step volume 
phase transition, shown in Figure 2.7d.  
The first transition at 32 °C is induced by the dominant hydrophobic attraction 
derived from the dehydration of the PNIPAm gel-component. The additional transition 
beyond 32 °C is due to charge repulsion coupled with the augmentation of the generated 
osmotic pressure [79]. The effect of temperature is further reviewed in Chapter 4 for both 
the cationic and the more complicated zwitterionic microgel systems. 
Figure 2.7 Temperature dependence of the average hydrodynamic radii of 
microgel systems with various mol% of AAc contents: (a) 0%; (b) 5%; (c) 
10% and (d) 20%. Adapted from [3]. 
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2.3.2.2 pH-Responsive Particles 
The functionalization of PNIPAm microgels with the incorporation of anionic or 
cationic functional groups such as acrylic acid (AAc) [80], methacrylic acid [81], vinyl 
pyridine [82], and vinyl imidazole [83] yields the synthesis of multi-responsive microgels 
that undergo extensive volume transitions in response with tunable pH and temperature. 
Figure 2.8 lists several ionic monomers that have been used to prepare ionic and 
zwitterionic microgels.  
The dependence of swelling behavior on pH in ionic microgels largely derives 
from the long-range electrostatic interactions among the ionic functional groups. For 
example, Smith and Lyon have prepared anionic poly(NIPAm-co-AAc) microgel 
particles which undergo a sharp increase in hydrodynamic diameter at pH ~4.5 due to 
deprotonation of the carboxylic acids and the resultant strong electrostatic repulsion 
among the negatively charged carboxylate moieties (pKa of AAc ~4.25 [61]).  
Figure 2.8 Lists many of the widely used monofunctional monomers 
that are anionic or cationic. 
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Moreover, their investigation elucidates the direct loading of protein, such as 
Cytochrome C (CytC) into the prepared anionic colloidal microgels. Figure 2.9 
demonstrates the interaction of the prepared microgels with oppositely charged CytC via 
facile manipulation of the charge of the gel-network and the salinity of the medium. In 
addition, the modulation of AAc content was determined as the effective mean to tune the 
binding stoichiometry. For example, microgels with low charge content (10 mol% of 
AAc) encapsulated a smaller fraction of proteins due to the decreased swelling and low 
porosity of those networks. On the other hand, microgels prepared containing 30 mol% of 
AAc were capable of loading extremely high concentrations of CytC (~17 mM), which is 
beyond the solubility limit of the protein in aqueous media (~8 mM) at room temperature 
[78].   
Figure 2.9 Depicts the interaction of anionic microgels with 
oppositely charged Cytochrome C (CytC). Adapted from [78]. 
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The effect of pH and the utilization of the network swelling as a tunable variable for 
design of future delivery vehicles with specific encapsulation and release properties will 
be further reviewed for both cationic and the more complicated zwitterionic microgel 
systems in Chapter 4.  
2.4 Particle Assembly at Liquid-Liquid Interfaces  
2.4.1 Pickering Emulsions  
Emulsions are a metastable mixture comprised of two immiscible fluids, such as 
oil and water. In general, conventional emulsions are obtained in the existence of various 
surface-active species, such as surfactants, amphiphilic proteins or polymers [84].  They 
have been widely applied for many industrial applications, such as cosmetics, foods, 
pharmaceutics and surface coatings and paintings. The utilization of solid particles as a 
new class of emulsion stabilizer, often termed Pickering emulsions is previously 
described by S.U. Pickering in 1997 [85, 86]. Studies have shown an extensive variety of 
synthetic organic or inorganic and even naturally occurring particles can be employed as 
the solid stabilizers. 
In recent years, Pickering emulsions have received significant interest, not only 
from their importance in an assortment of applied studies but also because of their 
uniqueness in the stabilization mechanisms. In comparison, the main uniqueness of 
Pickering emulsions to the more conventional surfactant-stabilized emulsion is the 
absence of emulsifier exchange between the interface and the bulk [87]. To elaborate, the 
stabilization of Pickering emulsions is driven by thermodynamic requirements. The 
absorption of solid particles onto the liquid-liquid interface is a spontaneous process as it 
drives towards the preferable lower free energy state. The stability of solid particle 
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absorption via geometrical considerations on the phase interface can be quantified by 
desorption energy ΔG expressed through the following equation:  
  
2
2 1 cospG r     (Equation 2.2) 
Where γ is the oil-water interfacial tension, rp is the particle radius and α is the contact 
angle of the adsorbed particle; θ is defined as the angle towards the aqueous phase 
between the liquid interface and the tangent to the particle at the point where the three 
phases connect. Please note ΔG scales as the square of the particle size shown in Figure 
2.10a. In addition, for particles selected with a size ranging from several nanometers to 
several microns and an intermediate hydrophobicity (θ = 90˚), the estimated ΔG is many 
times of the thermal energy. Therefore, once adsorbed the particles anchoring may be 
considered as nearly-irreversible owing to the high ΔG. However, the adsorption of the 
particles only becomes reversible when very small particles (rp ≤ 1 nm) are employed as 
the ΔG becomes comparable to the thermal energy.  
(a) (b) 
Figure 2.10 Variation of ΔG of a particle at the planar oil-water interface at room 
temperature with respect to (a) particle radius and (b) contact angle. Adapted from [87] 
and [86], respectively. 
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The wettability is another parameter to consider which has a vital effect on the 
adsorption of a particle at the interface. Figure 2.10b depicts the dependence of ΔG 
required to rip away a 10 nm particle from the oil-water interface. The greatest ΔG can be 
obtained when the particle is held at θ = 90˚ as the particle is wetted equally at the 
interface.  
The formation of Pickering emulsions with narrow size distributions could be 
simply attained via turbulent stirring through the limited coalescence process as result of 
irreversible particle anchoring [88]. This process consists of generating a large excess of 
oil-water interface compared to the area that can be covered by the solid particles. Upon 
cessation of stirring, insufficiently protected drops coalesce; decreasing the total amount 
of oil-water interface, and this coalescence ensues until the drops are adequately covered 
by the applied particles. The resulting emulsions are remarkably monodisperse as a 
consequence of this irreversible interfacial anchoring. In general, limited coalescence 
does not depend on nature of the applied stabilizers and has been observed for numerous 
Pickering emulsion systems. 
2.4.2 Packing at the Interface 
Pickering emulsion is an emulsion that is kinetically stabilized by solid particles 
which adsorb and partially wetted onto the interface between the two phases [85]. Owing 
to irreversible anchoring and total adsorption, equality between the final drop surface 
area and the ability of particle coverage yields a simple relationship among the reverse 
drop diameter D, the particle amount and their packing at the interface provided in the 
equation below.  
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In Equation 2.3, n is denoted as the number of particles, dp is the diameter and VD is the 
dispersed phase volume. The coverage rate, C, is defined as surface covered by particles 
divided by the total interfacial area. This equation is extremely useful for the 
determination of the coverage rate C, as the drop size can be tuned via changing the 
amount of particles while keeping all other variables constant. Moreover, insight into the 
interfacial particle packing at the interface can be evaluated through the assessment of the 
coverage rate parameter. For a monolayer of solid particles densely and hexagonally 
packed at the interface, the coverage rate parameter C is equal to 0.9 [89]. For 
characterization of microgel adsorption through limited coalescence, the surface coverage 
characterizing the particle packing at the interface can directly be deduced from a drop 
size measurement in the low particle concentration regime where the average inverse 
droplet diameter is proportional to Seq/VD [90]. 
2.4.3 Pickering Emulsions Stabilized via Microgels 
In recent years, advancements in microgels have become a highly attractive 
research topic in both fundamental studies of soft matter as well as in applied scientific 
fields. Swelling of microgel particles follows the same thermodynamic mandates as 
hydrogels. Intricate balancing between the inner and outer osmotic pressures of the gel-
network must be achieved in order to reach the equilibrium gel-swelling volume. For the 
utilization of a non-ionic polymer, this swelling is dictated via polymer-solvent 
interactions, and the elasticity of the network. However, electrostatic contribution must 
be taken into account if the applied polymer is charged. In this case, the volume transition 
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is induced from the osmotic pressure exerted by free mobile counterions coupled with the 
Coulomb repulsions arose between the charges.  
The first report of emulsion stabilized by microgels was attained with PNIPAm 
copolymerized with methacrylic acid (MAAc) [91]. These prepared responsive microgels 
demonstrated the ability to stabilize octanol-in-water emulsions under selective pH and 
temperature conditions. Moreover, the experimental observations regarding the 
stabilizing properties of the prepared microgel particles are illustrated in Figure 2.11. 
Stable emulsions were obtained at high pH and low temperature, whereas they were 
destabilized at low pH or high temperature [91]. It was postulate that under these specific 
conditions, the prepared soft particles became more hydrophobic, and partially drifted 
toward the octanol phase, therefore decreasing the interfacial particle packing density and 
triggering destabilization of the emulsion.  
Figure 2.11 The stabilizing efficiency of the prepared microgel particles for 
octanol-in-water emulsions as a function of pH and temperature. Key: (squares) 
Stable; (circles) Unstable; and (diamonds) Phase separation. Adapted from 
[91]. 
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Moreover, composite microgels composed of lightly cross-linked poly(4-
vinylpyridine) (P4VP) with the integration of silica sols, were used as “Pickering” 
emulsifiers [92, 93]. Figure 2.12 shows the schematic representation of pH-induced de-
mulsification utilizing the prepared P4VP-SiO2 particles. 
Please note both water-in-oil and oil-in-water emulsions were obtained, but only in high 
pH conditions, when the cationic microgels were fully collapsed due to the deprotonation 
of the vinylpyridine groups. Thus, Fujii and Armes concluded from this investigation that 
the fully swollen state facilitated the desorption of microgels from the interface [92].  
Figure 2.12 Graphic representation of pH-induced de-mulsification using the 
P4VP−SiO2 particles as a “Pickering” emulsifier. Oil-in-water emulsions were 
prepared using an aqueous dispersion of P4VP−SiO2 particles:  (a) after 
centrifugal purification; (b) prior to any centrifugal purification. Please note 
silica sols are around 20 nm. Adapted from [92].  
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The complexity of this research topic can be outlined by the two systems above 
exhibiting opposite stabilization behaviors upon swelling. However, the origin of 
emulsion stabilization was ambiguous as the role of the inorganic nanoparticles could not 
be well-defined from that of the organic polymer for the composite system. Additional 
studies were conducted to elucidate the de-mulsification phenomena. Tsuji and 
Kawagushi utilized pure PNIPAm microgels as emulsion stabilizers [94]. Figure 2.13 
represents images of emulsions prepared from PNIPAm-carrying particles obtained via 
optical microscopy. 
They have demonstrated that stable emulsions could be prepared from various 
non-polar oils. Additionally, phase separations occurred when those emulsions were 
heated above the VPTT. This de-mulsification process was described through 
Figure 2.13 Observations of Pickering emulsions obtained via optical microscopy. (a-c) 
Toluene-in-water emulsion stabilized by PNIPAm microgel particles. (d-f) Toluene-in-
water emulsion stabilized by hairy particles. (c) and (f) are close up images of the 
emulsion surfaces. Adapted from [94]. 
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coalescence via the reduction of the surface coverage due to the shrinkage of the 
microgel.  
In order to gain additional insights into the de-mulsification process of microgel-
stabilized emulsions, Brugger and Richtering extensively reinvestigated the use of 
poly(NIPAm-co-MAA) microgels as stabilizers [95]. Their studies demonstrated that the 
pH during synthesis has a substantial influence on the composition and hence the 
properties of the microgel, including its capacity as a stabilizer for octanol-water 
emulsion. Figure 2.14 shows the microgel-stabilized octanol-water emulsions 
immediately after preparation.   
In addition, they concluded that microgels can be applied as soft stabilizers for 
Pickering emulsions, only if the charges are integrated in the gel-network itself. 
Moreover, Brugger and Richtering located no evidence on desorption of microgel 
particles from the octanol-water interface throughout the destabilization process. 
Figure 2.14 Depicts octanol/water emulsions stabilized with synthesis 
product (A), the supernatant (B), and the purified microgel (C). The pH 
of all emulsions is ~9. Adapted from [95]. 
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However, the formation of aggregated microgel chunks was spotted at the octanol-water 
interface in-turn prompting the postulation that emulsion destabilization was not a result 
of particle desorption but was principally caused by the variation of the interfacial 
mechanical properties [95]. Overall, the employment of microgels as stabilizers was 
revealed in initial studies. However, some of those conclusions regarding the effect of 
microgel swelling, the role of surface-active charges, and the mechanism of de-
mulsification via desorption or interfacial modification seem to contradict with each 
other.  
Therefore, as part of this work, we have investigated the application of the 
previously discussed stimuli-responsive microgels as an emulsifier. One major advantage 
of using responsive microgels for emulsification lies in the fact that PNIPAm-based 
microgels are thermosenitive, thus upon heating can lead to extensive variations in 
particle size, hydrophobicity, and surface charge density of the microgels. Also, the 
incorporation of amide moieties introduces pH-responsiveness, thus increasing 
functionality of the PNIPAm microgels. In general, we believe the study of this 
environmentally-responsive emulsifier that can evolve upon the effect of an external 
stimulus delivers extended emulsion control, in turn opening up a vast array of exciting 
applications. 
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2.4.4 Responsive Ionic Liquid Emulsions 
The application of ionic liquids (ILs) as extraction solvents in chemical industries 
displays great potential, particularly for the extraction of chemically complex 
macromolecules such as proteins [96-98] and lipids [98]. Hence, the need to advance the 
use of ILs for large-scale separation processes are still desired. To improve the efficiency 
of extractions and reduce the time required to attain good separation, the application of 
emulsions is highly advantageous owing to their intrinsically large surface area [97]. 
Ideally, these emulsions must be designed to be stable against coarsening due to the 
effects of limited coalescence or Ostwald ripening. Also, the ability to collect and break 
to acquire the product-loaded ionic liquid phase is highly sought after. Furthermore, the 
stabilizer applied to produce these emulsions should not influence or interact with the 
desired product to be extracted.  
The preparation of IL-water emulsions is challenging as the result of the low 
interfacial tension derived from the inherently large miscibility of the two phases. In 
contrast, to the oil-water interfaces, IL-water interfaces are highly structured due to 
charge hydration and correlations, result in only partial relevance of the general rules of 
emulsion preparation and stability [99]. Furthermore, while IL emulsions can be 
produced utilizing commercial surfactants, most of the previously stated design 
requirements are not met. For example, due to the inherent water solubility of most ionic 
liquids, Ostwald ripening leads to fast coarsening and emulsion destabilization. 
Additionally, surfactants often interact strongly with an assortment of amphiphilic 
macromolecules, which can lead to irreversible changes in the desired product such as 
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denaturation of proteins [98]. Overall, the exploration of a robust strategy to prepare IL 
emulsions meeting these desired requirements is highly favorable. 
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2.5 Motivations and Applications Involving Multifunctional Microgels 
Recently, environmentally responsive colloidal microgel dispersions comprised of 
cross-linked polymer latex particles have garnered increasing attention in multiple 
interdisciplinary fields of research due to their particular ability to rapidly change volume 
(i.e. swell or deswell) through various external stimuli such as pH [2, 100, 101], 
temperature [3-5, 102], ionic strength [6-8, 103], or electric and magnetic fields [9-11, 
35, 37]. With respect to this swelling phenomenon and the intrinsic “sponge-like” 
network structures of microgel particles in their expanded state, previous literatures have 
reviewed the potential for diffusive encapsulation and release of active species from 
thermosensitive poly(N-isopropylacrylamide)-based polyelectrolyte microgel systems 
[45, 104, 105]. They are found advantageous in a vast array of novel applications 
including sensing [106], separation technologies [107, 108], catalysis [109, 110], and as 
promising controlled drug delivering agents [111-113].  
2.5.1 Adsorption and Release of Active Species 
2.5.1.1 Ionic Microgel Particles 
Much of previous research has focused on using environmental stimuli to vary the 
properties of the microgel network. For example, microgels synthesized through the 
copolymerization of N-isopropylacrylamide (NIPAm) with ionizable monomers have 
enabled the manipulation of the volume phase transition temperature of these particles 
[114, 115]. Recently, pH-responsive microgel dispersions have been the subject of 
significant interest for development of advanced drug delivery vehicles. For example, 
Zhang et al [116], have studied the “rational design” of chitosan-based microgel particles 
containing methotrexate that are responsive to pH changes. They have shown that the 
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encapsulated drug can be released when the microgel particles are exposed to low-pH 
environments that caused the chitosan to swell. Similar research was conducted for a 
series of drugs such as doxorubicin [16], dibucaine [113], and benzylamine [117]. 
However, aside from directly utilizing the responsiveness of the microgel particles for the 
uptake and release of therapeutic drugs, there has been little work reported on 
functionalized microgel particles for the environmental stimuli triggered uptake and 
release of active chemical species such as rheology modifiers and nanometer sized 
inorganic components. This work can be applied towards novel interfacial engineering by 
environmentally tailoring the release of rheology modifiers, such as lecithin, to 
equilibrate oil-water interfaces and subsequently vary the viscoelasticity of the targeted 
surrounding fluid. Potentially, this functionalized microgel carrier-system could be used 
for the magnetic separation via the tuned release of ferrous nanoparticles from microgels.  
Some tailored applications of this prepared system may lie in oil spill clean-up as well as 
in biomedical and microfluidic systems. There also remains interest and a need to explore 
new approaches to uptake magnetic nanoparticles into the organic network to form 
organic-inorganic microcomposites. Many previous studies involve using polymers 
synthesized by co-precipitation and emulsion polymerizations methods to uptake 
magnetic nanoparticles. For example, Kondo et al [118], synthesized PNIPAm microgels 
using aqueous ferrofluids as reaction media, which resulted in low magnetic 
nanoparticles concentration immobilized inside the prepared PNIPAM microgels. 
Furthermore, additional routes have been reported via Pichot et al [119, 120], where they 
have prepared core-shell magnetic microgels with polystyrene- PNIPAm as the shell. One 
drawback of this type of approach is that the organic-aqueous interface entailed for 
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polymerization requires organic solvents, surfactants, and stabilizers that can be 
environmentally challenging to remove [121-123]. Very recently López-Cabarcos and co-
worker [124] prepared thermosensitive microgels covered with superparamagnetic iron 
oxide nanoparticles. In their simple chemical approach the iron oxide nanoparticles were 
incorporated on the surface by the co-precipitation method in the presence of the pre-
synthesized microgels. 
In this study, we synthesize ionic microgel dispersions in which the particles 
undergo large reversible volume phase transitions in response to environmental stimuli 
such as temperature and pH. We demonstrate that a rheology modifier is adsorbed into 
the microgel particles owing to the large swelling transitions based on their 
environmental sensitivities. The effective release of the rheology modifiers through 
“sponge-like” porous gel network structures of the ionic microgel particles is 
investigated. Finally, we explore a reproducible facile approach to obtain organic-
inorganic composites through physical adsorption of iron oxide nanoparticles into the 
porous colloidal microgel network through facile reversible pH variation. 
2.5.1.2 Zwitterionic Microgels  
The development of advanced multi-responsive and stable zwitterionic microgel 
dispersions consisting of both cationic and anionic functionalized monomer units has 
been a subject of significant interest, stemming from their distinctive swelling properties 
and their ability to “trap” diffused solutes inside governed by complex intrachain 
electrostatic interactions. For example, Tam et al. recently reported the preparation of 
biocompatible zwitterionic microgel systems synthesized from chitosan, carboxymethyl 
cellulose, and modified methyl cellulose polymerized via an inverse microemulsion 
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technique for the fast response drug release of procaine hydrochloride [125]. Aside from 
directly utilizing the responsiveness of the prepared zwitterionic microgel particles for 
the uptake and release of therapeutic drugs [126], there has been less reported on their 
ability for the environmental stimuli triggered adsorption and desorption of active 
chemical solutes, such as macromolecular surfactants. Some earlier efforts have been 
made to examine the effect of varying surfactant concentrations during polyelectrolyte 
microgel synthesis [127, 128] as well as the interaction of surfactant molecules with 
microgel particles [129-131]. However, there also remains interest and need to explore 
the influence of the adsorption of surfactant on swelling properties of multifunctional 
zwitterionic microgel particle dispersions since they have the tunable ability to adsorb the 
surfactant when the two are oppositely charged and then release the surfactant when the 
charge of the microgels are manipulated to the same charge as the surfactant via a 
switchable pH.  
In this study, we design and synthesize multifunctional zwitterionic microgel 
dispersions in which the particles undergo extensive reversible volume phase transitions 
in response to environmental stimuli such as temperature and pH. Potentially, a tailored 
application for the zwitterionic microgel system present in this work may lie in the uptake 
and release of active species for applications such as oil spill remediation technologies. 
More specifically, the prepared particles can be applied towards novel interfacial 
engineering by equilibrating at oil-water interfaces, subsequently varying the interfacial 
tension between the salt water and crude oil phases, and selectively uptaking or releasing 
oil dispersants, such as dioctyl sodium sulfosuccinate (DOSS) surfactant. We 
demonstrate here that an anionic surfactant, DOSS, can be adsorbed into and released 
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from the zwitterionic microgel particle dispersion owing to their unique environmental 
sensitivities. To further explore the interaction between surfactant molecules and the 
prepared zwitterionic particle dispersions, the binding of cationic surfactant 
cetylpyridinium chloride (CPyCl) and nonionic surfactant Triton X-100 (TX-100) with 
our microgels is also investigated. 
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2.5.2 Structure of Colloidal Lattices of Microgels at the IL-Water Interfaces 
In recent years, ionic liquids (ILs) have drawn significant amount of attention as 
tunable “green solvents” used in the interdisciplinary fields of biotechnology and 
chemistry due to their high thermal stability [132-134], non-flammability [135-137], 
extensive electrochemical window [138, 139] and negligible vapor pressure properties 
[140-142]. They are currently utilized in a vast array of applications including catalysis 
[143, 144], CO2 absorption [145-147], gas storage [27, 148], and as promising solvents 
for selective extraction processes [149-151]. While recent work has established the 
versatility of ILs as novel extraction media, their efficient use in the extraction of 
chemically sensitive active species still remains largely absent. Thus, the implementation 
of emulsions with intrinsically large surface area is highly advantageous for the tailored 
development of IL-based extraction system [97, 152]. These formulated emulsions must 
be able to remain stable against coarsening via Ostwald ripening while maintaining the 
ability to demulsify in order to obtain the extracted product absorbed into the IL-phase. 
The task to form IL-water emulsions is challenging due to low interfacial tension derived 
from the inherently large miscibility of the two phases along with the highly structured 
IL-in-water interfaces resultant of charge hydration and correlations [153, 154].  
Traditionally, surfactants have taken the spotlight for the preparation of 
thermodynamically stable IL-water microemulsions. However, for the design of selective 
extraction processes, most of the desired requirements are not met due to the inherent 
water solubility of most ILs leading to Ostwald ripening and ultimately emulsion 
destabilization [155, 156].  The employment of surfactants may also interact adversely 
with a variety of biomolecules inducing irreversible changes to the targeted bioproducts, 
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especially for the extraction of compounds such as lipids [157, 158], organic acid [159, 
160], and amphiphilic proteins from biological fluids [98, 161, 162]. Meeting these 
requirements to develop a robust approach to create IL-in-water emulsions is highly 
sought-after for the advancement of IL-based extraction applications. Particle-stabilized 
emulsions, also referred to as “Pickering emulsions [85],” are surfactant-free metastable 
dispersions of two non-miscible fluids like oil and water. These emulsions display high 
stability, which makes them very attractive for storage applications. Recently, there has 
been growing interest in utilizing soft particles like microgels as emulsifiers for the 
design of responsive Pickering emulsions, which evolve “on demand” via an external 
stimulus [99, 163]. While previous works have established the adaptability and versatility 
of microgel particles in stabilizing oil-water interfaces, the details of its adsorption 
mechanism at these liquid interfaces and their interfacial packing conformation still 
remains a matter of much debate [164-168].  
In this work, we demonstrate that soft stimuli-responsive composite microgel 
particles can be effectively utilized as an emulsifier to fabricate IL-in-water emulsions. 
The microgel particles that we used in this investigation contain a fluorescent polystyrene 
core embedded in a thermosensitive and pH-responsive gel-shell composed of poly(N-
isopropylacrylamide-co-acrylic acid). The rationale behind the design of this composite 
particle system is that it allows non-invasive in-situ visualization of the structure of 
microgel-laden IL-in-water interfaces, while preserving their interfacial and multi-
responsive properties. We investigate the impact of the microgel particles’ charge and 
hydrophobicity with their emulsification performance by varying solution temperature 
and pH for formulated emulsions. The morphology of the adsorbed soft gel-particles is 
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characterized via direct macroscopic visualization, confocal microscopy observations, 
and cryo-SEM studies of the emulsion droplet interfaces. To determine the main 
structural parameters of these colloidal lattices, we have constructed Vornoi diagrams and 
have statistically analyzed the defect number, concentration, and configuration of various 
possible scenarios for the adsorption mechanism of prepared particles at the interface. 
Moreover, the self-assembled and densely packed layer of composite microgel particles 
at the IL-in-water interface does not hinder their potential application in IL-based 
extraction processes, as the interface remains permeable. 
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3. METHODOLGY 
3.1 Materials 
For the microgel synthesis, co-monomers N-isopropylacrylamide (NIPAm, Acros), 
N-[3-(dimethylamino)propyl] methacrylamide (DMAPMA, Sigma-Aldrich), acrylic acid 
(AAc, Sigma-Aldrich), and styrene monomer (Sigma-Aldrich), cross-linking regent N,N’-
methylene-bis-acrylamide (MBAm, MP), initiator potassium persulfate (KPS, Acros), 
2,2’-azobis (2-amidinopropane) (V-50, Wako) and the particle steric stabilization agent 
sodium dodecyl sulfate (SDS, Sigma-Aldrich) were all used in the polymerization 
without further purification. For the uptake and release of active species, L-α-
Phosphatidylcholine (lecithin, Arcos), superparamagnetic iron oxide nanoparticles 
(Fe3O4-NP, Sigma-Aldrich) with hydrodynamic diameter of 10±5 nm (no further surface 
modification) dispersed in water, laboratory grade anionic surfactant dioctyl sodium 
sulfosuccinate (DOSS, Sigma-Aldrich), cationic surfactant cetylpyridinium chloride 
(CPyCl, Fluka), and nonionic Trition
TM
 X-100 (TX-100, Sigma-Aldrich) was all used as 
received. Ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
([BMIM][NTf2], IoLiTec Inc.), water (HPLC grade, Fisher Scientific), and fluorescent 
dyes Pyrromethene 556 (PM-556, Exciton), Rhodamine B (TCI America) were also used 
as received. All solutions were prepared with HPLC grade water (Fisher Chemical). 
  
  
42 
3.2 Particle Synthesis 
3.2.1 Ionic Microgels 
Ionic microgel particles were synthesized via surfactant free precipitation 
polymerization. The synthesis was carried out in a 3-necked (125 mL) round bottom 
reaction vessel, fitted with a reflux condenser, a magnetic stirrer, a thermocouple and a 
nitrogen inlet. NIPAm (0.45 g, 85 wt. % of total monomer), DMAPMA (0.05 g, 10 wt. 
%), and MBAm (0.025 g, 5 wt. %), were added into the reaction vessel along with 50 g 
of water. In a separate vial, a cationic free-radical initiator V-50 (0.015 g) was dissolved 
in 2 g water. Then, the monomer solution was immersed in a water bath set at 70 °C. The 
reaction mixture was purged with nitrogen for 45 min. After the temperature reached 
equilibrium and the purge stage was complete, the initiator solution was introduced. The 
polymerization reaction was left to proceed while being purged by nitrogen gas for 7 
hours. The microgel dispersion was then allowed to cool and was purified against HPLC 
grade water at room temperature. 
3.2.2 Zwitterionic Microgels 
Zwitterionic microgel particles with assorted compositions were synthesized via 
free radical precipitation polymerization. The synthesis was carried out in a 3-necked 
(250 mL) round bottom reaction vessel along with 150 mL of water, fitted with a reflux 
condenser, a magnetic stirrer, a thermocouple and a nitrogen inlet. Overall, the 
concentrations of NIPAm in the reaction mixtures were controlled at 82.97±0.21 mol% 
while the molar ratios of DMAPMA/AAc were adjusted as shown in Table 1. The 
concentrations of crosslinker and initiator in the reaction mixtures were kept at 2.5-3.0 
mol% and 0.8-1.2 mol%, respectively. In a separate vial, the free-radical initiator KPS 
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was dissolved in 5 g water. This initiator solution was slowly added after the monomer 
mixture was immersed in a water bath set at 70 °C and purged with nitrogen for 30 
minutes. The polymerization was left to proceed under nitrogen gas for 8 hours. After 
polymerization was complete, the microgel dispersion was then allowed to cool to room 
temperature and was subsequently dialyzed (Spectra/Por Membrane, MWCO: 12-13 kD) 
against deionized water changed daily for one week at room temperature to remove any 
residual monomers from the resulting reaction mixture. 
Table 3.1 Monomer compositions used in the preparation of zwitterionic microgel (ZI-
MG) particles. 
 DMAPMA [mol %] AA [mol %] NIPAm [mol %] 
ZI-MG (0.29) 3.06 % 10.60 % 82.92 % 
ZI-MG (0.85) 6.12 % 7.23 % 83.18 % 
 
3.2.3 Composite Microgels 
Composite gel-particles are prepared in a two-step procedure. Firstly, a 
fluorescent polystyrene core is synthesized through emulsion polymerization. This 
synthesis was carried out in a 3-necked (250 mL) round bottom reaction vessel along 
with 150 mL of water, fitted with a reflux condenser, a magnetic stirrer, a thermocouple 
and a nitrogen inlet. Overall, the concentrations of styrene monomers in the reaction 
mixtures were controlled at 90.19±0.37 mol% while the NIPAm monomers were adjusted 
to be 9.79±0.21 mol%. The concentrations of PM-556 and initiator in the reaction 
mixtures were kept at 0.02-0.04 mol% and 0.08-1.2 mol%, respectively. In a separate 
vial, the free-radical initiator KPS was dissolved in 5 g water. This initiator solution was 
slowly added after the monomer mixture was immersed in a water bath set at 70 °C and 
purged with nitrogen for 45 minutes. The synthesis was left to proceed under nitrogen gas 
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for 8 hours. After reaction was complete, the mixture was then allowed to cool to room 
temperature and was subsequently purified against deionized water via centrifugation 
(Eppendorf 5810-R), followed by decantation and re-dispersion in fresh water solvent at 
room temperature. Secondly, a non-fluorescent environmentally-responsive microgel 
shell is grown around the previously synthesized core via free radical precipitation 
copolymerization. This synthesis was carried out in a 3-necked (125 mL) round bottom 
reaction vessel, fitted with a reflux condenser, a magnetic stirrer, a thermocouple and a 
nitrogen inlet. Typically, 40.5±0.11 mol% NIPAm monomer, 58.42±0.14 mol% AAc 
monomers, and 1.15±0.08 mol% MBAm, were added into the reaction vessel along with 
100 g of water and ~0.2 g (determined via freeze-drying) of the fluorescent core. In a 
separate vial, a varying amount of KPS was dissolved in 2 g water. Then, the monomer 
solution was immersed in a water bath set at 75 °C. The reaction mixture was purged 
with nitrogen for 45 min. After the temperature reached equilibrium and the purge stage 
was complete, the initiator solution was introduced. The polymerization reaction was left 
to proceed while being purged by nitrogen gas for 5 hours. After polymerization was 
complete, the particle dispersion was then allowed to cool to room temperature and was 
subsequently dialyzed (Spectra/Por Membrane, MWCO: 12-13 kD) against deionized 
water changed daily for one week at room temperature to remove any residual monomers 
from the resulting reaction mixture. 
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3.3 Uptake and Release of Active Species 
3.3.1 Lecithin Uptake and Release within Ionic Microgel Particles 
Microgel aliquots were purified in water via mild centrifugation (Eppendorf 5810-
R) followed by redispersion in fresh water solvent. This process was repeated three times. 
Each sample was prepared by mixing 0.20 g of lecithin with 3 mL of purified microgel 
dispersion in acidic (~pH 5) and basic (~pH 10) medium. Next, these mixtures were 
sonicated (VWR Ultrasonic Cleaner) for 15 min and left overnight on a mild oscillation 
desktop shaker (PR-12) at room temperature to ensure complete lecithin dispersion and 
uptake into microgels. Subsequently, the samples were centrifuged (5,000 rpm for 15 
min) to sufficiently sediment the microgel particles in the samples. Afterward, the 
supernatants were collected and centrifuged to remove any of the non-absorbing lecithin 
prior to further testing. Next, the remaining microgel particle sediment of both samples 
was redispersed in strong base (~pH 12) medium. Then, both mixtures were agitated and 
left to proceed one hour on a desktop shaker to release the absorbed lecithin. Finally, the 
mixtures were centrifuged and the aqueous supernatants were collected for additional 
qualifications. 
3.3.2 Uptake of Fe3O4-NPs with Ionic Microgel Particles 
Samples were prepared by mixing 2.00 mg of Fe3O4-NPs with 500 μL of purified 
microgel dispersion in pH 7 medium. Next, these mixtures were sonicated (VWR 
Ultrasonic Cleaner) for 15 min at room temperature to ensure complete mixing. 
Subsequently, the samples were vacuum filtered with 0.1 μm pore sized membrane filters 
to sufficiently remove any unattached Fe3O4-NPs. Next, the samples were collected off of 
the filter paper and redispersed in 3 mL of pH 7 HPLC grade water. Then, the mixture 
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was agitated for over 1 hour on a desktop shaker to ensure uniform solution. Four 500 μL 
aliquots of the mixture were taken out following the agitation to be modified to various 
solution pH via dilute 0.1 M HCl and KOH.  
3.3.3 Surfactant Adsorption within Zwitterionic Microgel Dispersions 
Zwitterionic microgel aliquots were purified in water via mild centrifugation 
(Eppendorf 5810-R), followed by decantation and re-dispersion in fresh water solvent to 
further remove any residual impurities. Each sample was prepared by mixing a known 
volume of targeted surfactant solution with 0.027±0.003 g of purified microgel particles 
dispersed in 3 mL of water in an acidic (~pH 3) or basic (~pH 11) medium. Next, these 
samples were sonicated (VWR Ultrasonic Cleaner) for 15 minutes and left overnight to 
equilibrate on a mild oscillation desktop shaker (PR-12) at room temperature. The 
aqueous samples were subsequently collected for additional qualifications. 
3.4 IL-in-Water Emulsion Preparation  
Stock solutions of prepared composite microgel particles at the desired solid 
content were prepared via dilution. When required, the pH was adjusted via the gradual 
addition of 0.1 M HCl or KOH. The background electrolyte added was 10 mM KCl. In a 
typical batch, emulsions were prepared using an ultrasonic processor, Ultra Turrax T25, 
at constant speed (8500 rpm), sonicating the dispersion of composite microgel particles in 
water with [BMIM][NTf2] (weight ratio 8:2) for 45 seconds at room temperature. The 
total weight of each emulsion was ~5 g. Moreover, facile dilution tests and visual 
inspections of the creaming or sedimentation behavior due to the density mismatch 
between IL and water were applied to determine the emulsion type. Prior to qualifications 
all emulsions were left to equilibrate overnight at room temperature. 
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3.5 Characterization 
3.5.1 Physical Particle Characterization 
The mean hydrodynamic diameter, electrophoretic mobility, and ζ-potential of the 
particles were determined via dynamic light scattering (DLS) and electrophoretic light 
scattering techniques using PSS NICOMP 380 ZLS. When required, the pH was adjusted 
via the gradual addition of 0.1 M HCl or KOH. Scanning electron microscopy (SEM) 
images of the particles were obtained using FEI/Philips XL30 Environmental FEG SEM. 
Confocal microscopy of the stationary swelled and deswelled microgel particles dyed 
with Alexa Fluor 488 (Invitrogen) were imaged and processed utilizing Leica TCS SP5 
and ImageJ software, respectively. A TA Instruments AR-G2 rheometer equipped with a 
60 mm, 1° cone was used to measure the viscosity and other rheological properties of all 
solutions. Transmissions electron microscopy (TEM) images of composite microgels 
were obtained via Tecnai F20 (FEI). 
3.5.2 Spectroscopy Characterization 
The lecithin uptake and release detection analyses were attained by Fourier 
transform infrared spectroscopy (FTIR) employing a Bruker IFS 66v/S apparatus, 
mounted with Harrick ATR-GATR sample accessory.  
To detect DOSS adsorption, 
1
H nuclear magnetic resonance spectroscopy was 
used. All solution samples were centrifuged at 10,000 rpm for 45 min to sufficiently 
sediment the microgel particles in the samples. Afterward, the aqueous supernatants were 
collected for 
1
H NMR analysis to quantify residual DOSS amounts. For the preparation 
of each individual NMR sample, 600 μL supernatant fluid was mixed with 30 μL (4.36 
mM) 4,4-dimehtyl-4-silapentane-1-sulfonic acid (DSS) solution and 70 μL D2O in a 5.0 
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mm NMR tube, giving a total sample volume of 700 μL. All 1H NMR experiments were 
performed on Varian VNMRS 500 MHz instrument with a triple-resonance probe 
operating in triple-resonance (
1
H/
13
C/
15
N). Standard water suppression was used and all 
spectra were collected with spectral width of 16.0 ppm, an acquisition time of 3.0 
seconds, a relaxation delay of 3.0 seconds, and 64 scans with the 
1
H resonance of DSS 
peak (0 ppm) as reference.  
Solution depletion method was utilized to quantify the CPyCl adsorption. Each 
sample was prepared by following the previously described method. Upon reaching the 
binding equilibrium CPyCl concentration, the microgel particles were separated from 
solution by centrifugation at 10,000 rpm for 45 min. The equilibrium surfactant 
concentrations of the collected supernatants were then obtained from a calibration curve 
of absorbance versus surfactant concentration performed via Perkin Elmer Lambda 18 
UV-Vis spectrometer. The wavelength used was 258 nm [169], which corresponds to the 
maximum absorbance peak for CPyCl. When required, the pH was adjusted via gradual 
addition of 0.1 M HCl or KOH. 
3.5.3 Interfacial Colloidal Characterization 
The interfacial colloidal arrangement was imaged using confocal laser scanning 
microscope Leica TCS SP5 under controlled temperature conditions. The fluorescence 
intensity spectra were acquired via a wavelength scan over the range of 500-599 nm for 
the composite microgel particles and dye adsorption under excitation at 488 nm. The 
spectra for the aqueous phases after the emulsification were obtained under the same 
laser intensity and at nearly the same depth within the prepared samples. The particle 
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coordinate center positions, the fast Fourier transform (FFT) pattern, and the Voronoi 
diagrams were analyzed and constructed via ImageJ and Fiji software. 
The cryo-SEM experiments were conducted using FEI Nova 200 Focused Ion 
Beam and SEM equipped with Gatan Alto 2500 cryogenic cooling stage and vacuum 
transfer chamber. About 0.5 μL drop of the emulsion was placed on top of a 1 mm 
diameter copper cylinder that was mounted to the cryo-shuttle that was attached to the 
end of the transfer rod. The whole assembly was plunge frozen in liquid nitrogen slush, 
which was made by partially evacuating a chamber with liquid nitrogen. The sample was 
held in the liquid nitrogen slush until bubbling around the rod ceased (about 30 seconds). 
Subsequently, the freezing chamber was evacuated and sample was moved to the cooled 
and evacuated transfer chamber. To reveal inside of the IL-in-water emulation, the top of 
the frozen drop kept at about -140 to -160°C was fractured off using a cooled blade. To 
provide a better view of microgel particles at the drop-water interface, a layer of water 
was selectively sublimated by raising temperature of the sample within the evacuated 
transfer chamber to -90°C for 30 minutes. Afterwards, the sample temperature was again 
decreased to -140 to -160°C and sample was in situ sputtered coated with a thin 
grounding gold-palladium layer. The grounded samples were transferred to the cooling 
stage mounted within the SEM chamber and kept at -140 to -160°C for the remainder of 
the experiment. SEM imaging was performed with energy of 2 to 5 keV and current of 
0.21 to 0.4 nA with a working distance of 5 mm. 
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4. RESULTS AND DISCUSSION 
4.1 Development of Multifunctional Microgels 
4.1.1 Synthesis and Characterization of Ionic Microgels 
Figure 4.1a exhibits the temperature dependence of the average hydrodynamic 
diameter of the pure PNIPAm microgel particles at pH 9. The proposed fundamental 
mechanism which governs this thermally induced volume phase transition temperature 
(VPTT) can be attributed to the hydrophobic force associated to the dehydration of the 
PNIPAm gel at higher temperatures [5, 170]. In the analysis, VPTT is defined as the 
temperature at which the first derivative of the hydrodynamic diameter versus 
temperature curve reaches a peak value. The VPTT for the pure PNIPAm microgels have 
demonstrated a temperature transition at 32 °C, which is in good concurrence with the 
literature [5, 41, 91]. Furthermore, the incorporation of an ionic co-monomer, 
DMAPMA, was validated in order to synthesize thermosensitive microgels with pH-
Figure 4.1 The temperature dependence of the avg. hydrodynamic diameter of (a) 
pure PNIPAm microgels and (b) poly(NIPAm-co-DMAPMA) microgel particles at 
pH 9 obtained via DLS. Inset: The thermally induced volume phase transition 
temperature (VPPT) is defined as the temperature at which the 1
st
 derivative of the 
avg. hydrodynamic diameter versus the temperature curve reaches a minimum value. 
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responsiveness. Figure 4.1b demonstrates the dependence of the average hydrodynamic 
diameter for the prepared ionic poly(NIPAm-co-DMAPMA) microgel particles as a 
function of temperature at pH 9.  
The apparent shift to 38 °C in the VPTT for the ionic microgel particles was 
postulated to be due to an increase in both the electrostatic interaction between the 
polymer chains and the osmotic pressure generated through the addition of DMAPMA. 
This aligns with similar research conducted by Kratz and co-workers [69], which focused 
on the influence of acrylic acid content on the swelling behavior of poly(NIPAm-co-
acrylic acid) microgels. Thus, the addition of carboxyl groups distributed throughout the 
PNIPAm network could possibly cause the charge repulsion and osmotic pressure to 
counteract and suppress the collapse ability of PNIPAm at 32 °C.  
Table 4.1 The avg. hydrodynamic size and polydispersity index (PDI) of poly(NIPAm-
co-DMAPMA) microparticles at different temperatures determined by DLS at pH 9. 
 
 
 
 
 
 
 
However, as the temperature increases the hydrophobic interactions can still overcome 
the electrostatic repulsion caused by the addition of DMAPMA and the polymer network 
can reach its final collapsed particle size above 38 °C. Furthermore, we observed that 
over the temperature range from 24 °C to 44 °C, the size distribution measured as 
Temperature [°C] Hydrodynamic Size [nm] PDI 
24 823 0.128 
28 
32 
36 
40 
44 
762 
679 
505 
155 
101 
0.101 
0.094 
0.118 
0.099 
0.172 
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polydispersity index (PDI) does not vary considerably even though the average 
hydrodynamic size of ionic poly(NIPAm-co-DMAPMA) microgels at 44 °C reduced to 
1/8 of their average size at 24 °C (Table 4.1).  
Figure 4.2a represents the overall measured swelling-deswelling hydrodynamic 
diameter trend of the ionic microgel dispersions as a function of pH at room temperature. 
It was determined that these microgels exhibit sensitivity to pH variations and show near 
reversible swelling-deswelling behavior.Under the pH range of 2 to 7, it was proposed 
that the amine groups contained within the microgel dispersions were fully protonated 
and thus the electrostatic repulsion between the polymer chains and osmotic pressure 
mainly governs the extent of particles swelling [171]. The decline in the hydrodynamic 
diameter between pH 7 to 12 was postulated to be the loss of positive charge within the 
gel networks, thus internally rendered the microgel particles neutral to slightly negative. 
The corresponding electrophoretic mobility results were also gathered to further 
authenticate the above data, shown in Figure 4.2b.  
Figure 4.2 The dependence of poly(NIPAm-co-DMAPMA) microgels: (a) reversibility 
of the avg. hydrodynamic diameter via DLS and (b) electrophoretic mobility results 
measured by ELS on pH at room temperature. 
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These measurements serve, as an indication of the ionic microgel particle surface 
charge, thus justifying the surge in mobility was resultant from the protonation of the 
amine groups contained in the particles between pH 2 to 7. Figure 4.3 shows the effect of 
pH on the VPTT of the prepared ionic poly(NIPAm-co-DMAPMA) microgel particles. 
At constant temperature, the relatively higher average hydrodynamic size values of the 
prepared ionic microgels at pH 4 should be induced by the protonation of dimethylamino 
groups within the colloidal microparticles. Therefore, the decrease of the average 
hydrodynamic diameter for the prepared ionic poly(NIPAm-co-DMAPMA) microgels at 
pH 4 was noticeably slower, corresponding to a higher VPTT.  
Figure 4.3 The temperature dependence of the avg. hydrodynamic diameter of 
poly(NIPAm-co-DMAPMA) microgels at pH 4, 7 and 10 obtained via DLS. 
Inset: Shows the VPTT of the prepared sample at various pH as a function of 
temperature. 
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To further investigate the influence of the copolymer concentration on the VPTT 
of the prepared charged particles, a series of monodisperse poly(NIPAm-co-DMAPMA) 
microgels were synthesized with varying DMAPMA content (5%, 10%, and 15 wt. % of 
the total monomer) with identical amount of MBAm (5 wt. %). In order to achieve the 
desired total monomer content, the concentrations of NIPAm monomer were adjusted 
accordingly. The determined VPTT at pH 9 of the colloidal microgels prepared with 5%, 
10% and 15 wt. % of DMAPMA were observed to be 34 °C, 38 °C, and 44 °C, 
respectively. This phenomenon is likely due to the intricate balancing between 
hydrophobic attractions of the NIPAm and the repulsive electrostatic interactions 
contributed by the increasing amount of amino group derived from the DMAPMA 
moieties happening during the particle shrinking process. 
Confocal microscopy was used to further verify the above DLS findings of 
dispersed ionic microgel particles. Figure 4.4 shows the confocal images of the microgel 
particles modified to solution pH 5 and 10 at room temperature, with the presence of 
Alexa Fluor-488 (AF 488) dyes.  
The determined particle size via post-image processing correlated well with the 
DLS experimental results. Additionally, the dependence of swelling behavior in response 
to pH variation was accompanied by an observed reduced fluorescent intensity of the 
stationary microgel particles when changing from pH 5 to 10. One hypothesized 
explanation for this phenomenon is that the microgel particles will become increasingly 
hydrophobic with an increase in pH. Thus, at pH 10, the strongly hydrophilic AF 488 
dyes [172, 173] are less likely to be absorbed into the hydrophobic microgel particles 
corresponding to the observation of decreased fluorescence intensity from within.  
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Overall, the pH-responsive swelling-deswelling trends of these prepared microgel 
particles agree with the observations of ionic microgel particles reported by Amalvy et al 
[2]. The main difference being that, in the earlier work, they employed emulsion 
polymerization of 2-(diethylamino) ethyl methacrylate (DEA) with the incorporation of 
surfactant, rather than the utilization of DMAPMA and PNIPAm via surfactant-free 
precipitation polymerization. Furthermore, other work on DMAPMA-based bulk 
hydrogels has presented analogous swelling trends with pH variations [174, 175]. 
Therefore, microgel particle dispersions containing DMAPMA can be proposed as an 
attractive alternative compared to the more commonly reported DEA copolymerized 
microgel particles [103, 176] and DMAPMA-based bulk hydrogels. 
  
Figure 4.4 Confocal microscopy images of the avg. 
hydrodynamic diameter of stationary swelled poly(NIPAm-
co-DMAPMA) microgels prepared in pH 5 and 10 solution 
at room temperature. 
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4.1.2 Synthesis and Characterization of Zwitterionic Microgels 
Poly(DMAPMA) and poly(AAc) have been widely used as hydrophilic building 
blocks in multifunctional polymers  [177-179]. In order to integrate cationic and anionic 
microgel functionalities, DMAPMA and AAc monomers have been copolymerized with 
NIPAm successfully to synthesize zwitterionic microgel (ZI-MG) dispersions. Figure 4.5 
represents the overall normalized swelling-deswelling hydrodynamic diameter trends 
(left) of the poly(NIPAm-co-DMAPMA-co-AAc) microgel particles with varying 
fractions of anionic and cationic functional groups and their corresponding electro-kinetic 
potential (right) as a function of pH at room temperature. It is observed that a steep 
swelling transition occurred for the ZI-MG particle dispersions with increasing acidity 
between the isoelectric point (IEP) to pH 3. This swelling segment is ascribed to strong 
electrostatic repulsion generated among the polymer chains due to the presence of fully 
protonated amine groups (the pka of DMAPMA polymer is 8.8 [180]) synthesized within 
the prepared microgels. Alternately, the deprotonation of the residual carboxyl groups 
(the pka of AAc polymer is 4.25 [181]) distributed within the gel network is postulated as 
the primary mechanism responsible for the increase in particle size with rising basicity 
past the IEP. To elaborate, the electrostatic repulsion generated between the negatively 
charged carboxylic groups leads to an increase in the hydrophilicity among the gel 
network in turn triggering the prepared microgel particles to be capable of uptaking larger 
amounts of polar solvent [61]. 
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Furthermore, these prepared ZI-MG particles exhibit the sharpest average 
hydrodynamic diameter contraction around the IEP. This is attributed to charge 
Figure 4.5 Effect of pH on the variation in avg. hydrodynamic diameter (a-b) and 
ζ-potential (c-d) for ZI-MG particles studied at room temperature: (a,c) ZI-MG 
(0.29); (b,d) ZI-MG (0.85). Dashed lines are applied as indicators to denote both 
the IEP and the zero point of the ζ-potential. 
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neutralization, which leads to semi-collapsed particles in the aqueous medium causing the 
microgels to shrink to a minimum size at the IEP [125]. Intriguingly, the IEP can be 
engineered to shift towards lower pH values (from 5.5 to 5.0) via facile reduction of the 
molar ratio between DMAPMA and AAc monomers (from 0.29 to 0.85) within the 
prepared ZI-MG particles. This IEP manipulation effect is possibly due to the excessive 
number of deprotonated carboxylate moieties (supplied by AAc content) compared to the 
number of protonated amine moieties (supplied by high DMAPMA content) within the 
prepared ZI-MG particles. Therefore, the IEP is reached by protonating excess 
carboxylate functional groups not previously neutralized by the amine functional groups 
via increasing acidity. The obtained electro-kinetic potential measurements, as displayed 
in Figure 4.5c-d, correlated well with the results determined for the variation in 
Figure 4.6. Temperature dependence of the average hydrodynamic diameter of ZI-
MG particles with various compositions measured at the pH of their corresponding 
IEP. Inset: the thermally induced VPTT is defined as the temperature which the first 
derivative of the hydrodynamic diameter versus the temperature curve reaches a 
minimum value. 
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hydrodynamic diameter size as a function of pH. As expected, the net charge of the 
prepared particles is zero at the IEP and the particles demonstrate gradual zwitterionic 
swelling behaviors on either side of the IEP while carrying an excess net positive or 
negative charge due to the electrostatic repulsions and the osmotic pressure generated 
within the microgels via the counter ions. To further investigate the influence of the 
copolymer concentrations on the prepared ZI-MG particles, the temperature-induced 
phase transition of cross-linked microgel systems was evaluated. Figure 4.6 displays the 
temperature dependence of the average hydrodynamic diameter of ZI-MG with varying 
compositions obtained at their corresponding IEP. 
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Under these established experimental conditions, the synthesized ZI-MG (0.29) 
and ZI-MG (0.85) particles demonstrated gradual deswelling as a function of temperature 
in the absence of extensive particle coagulations below 40 °C and 48 °C, 
correspondingly. In addition, we found that the size distributions measured as 
polydispersity indices (PDI) do not vary substantially even though the mean 
hydrodynamic size of the ZI-MG (0.29) and ZI-MG (0.85) at 40 °C and 48 °C were 
reduced to 3 5⁄  and 
1
2⁄  of their average size at 24 °C, respectively when heated (Table 2).  
Table 4.2 Average hydrodynamic size and polydispersity index (PDI) of ZI-MG 
microparticles at various temperatures determined via DLS at the isoelectric point (IEP). 
Temperature [°C] 
ZI-MG (0.29) ZI-MG (0.85) 
d(h) [nm] PDI d(h) [nm] PDI 
24 1659 ± 3 0.067 1163 ± 8 0.048 
28 1647 ± 11  0.101 1155 ± 10 0.011 
32 1571 ± 9 0.125 1120 ± 9 0.055 
36 1324 ± 18 0.172 1006 ± 68 0.147 
40 1020 ± 5 0.138 800 ± 22 0.131 
44   670 ± 14 0.155 
48   631 ± 12 0.185 
 
The proposed fundamental mechanism that governs this thermally induced gel collapse is 
the intraparticle hydrophobic interaction among the cross-linked amphoteric chains due to 
the incorporation of NIPAm monomer units, which upon polymerization, have a volume 
phase transition temperature (VPTT) of 32 °C [91].  
Furthermore, the formation of ion pairs in the presence of hydrophilic segments, 
consisting of ionic co-monomers, such as DMAPMA and AAc monomer units, should 
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trigger an increase in the VPTT [182]. To confirm the above assertions, the VPTT’s of all 
ZI-MG were determined by attaining the peak values of the first derivative of the 
hydrodynamic diameter versus temperature curve. The insets on Figure 4.7 illustrate the 
VPTT of ZI-MG (0.85) and ZI-MG (0.29). The slight shift to 38 °C in the VPTT for the 
more symmetrically composed ZI-MG (0.85) particles is assumed to be predominantly 
influenced by the increased formation of ion pairs. However, the variation in the 
magnitude of the mean hydrodynamic diameter for ZI-MG (0.85) is smaller in 
comparison to ZI-MG (0.29) due to having a higher effective cross-linking density, which 
consequently reduces its flexibility and swelling potential. Figure 3 shows the effect of 
pH on the VPTT of the prepared ZI-MG (0.85) particles. The average hydrodynamic size 
values at pH 11 are substantially larger than those at pH 3 as a function of temperature. In 
addition, the decrease of the mean hydrodynamic diameter for the prepared ZI-MG (0.85) 
Figure 4.7. Temperature dependence of the average hydrodynamic diameter 
of ZI-MG (0.85) particles measured at pH 3 and 11 obtained via DLS. Inset: 
shows the VPTT of the prepared sample at different pH as a function of 
temperature. 
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at pH 11 was noticeably more gradual, resultant in a slightly higher VPTT. 
This phenomenon is likely due to the intricate balancing between hydrophobic 
attractions of the NIPAm and the strong electrostatic repulsion contributed by the 
relatively higher concentration of anionic functional groups resulting from the AAc 
moieties within the colloidal microparticles throughout the particle shrinking process. 
Overall, the thermo-responsive swelling-deswelling trends of those prepared ZI-MG 
particles agree with the observations of zwitterionic nanogels reported by Kokufuta et al 
[183]. The main difference being that, in the aforementioned work, they synthesized 
nano-sized gel particles by aqueous redox polymerization of AAc and 1-vinylimidazole 
(VI) in the presence of sodium dodecylbenzene sulfonate (SDBS) as a surfactant. 
 Additionally, SEM imaging was utilized to capture the surface topography of dried 
microgels on mica substrates shown in Figure 4.8. The average dried particle sizes for ZI-
MG (0.29) and ZI-MG (0.85) processed via ImageJ software are estimated to be 
151.1±2.3 nm and 154.9±5.7 nm, respectively. 
 
  
Figure 4.8. SEM images of dried microgel particles on silicon wafers 
for ZI-MG particles prepared with various mole ratios: (a) ZI-MG 
(0.29) and (b) ZI-MG (0.85). 
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4.1.3 Synthesis and Characterization of Composite Microgels 
To verify the environmental-responsiveness of the prepared composite particles, 
the average hydrodynamic diameter of these particles as a function of both pH and 
temperature was characterized via dynamic light scattering. Figure 1 illustrates that at 
room temperature, the size of the composite microgel particles swell continuously from 
pH 4 to higher pH. This steep swelling transition originates from the deprotonation of the 
residual carboxyl groups distributed within the gel network of the composite shell. As 
expected, at pH values less than 4 (pka of AAc polymer is 4.25 [184]), the prepared 
composite particles are largely uncharged as an equilibrium size of the particles is set 
through the intricate balance among the elasticity of the crosslinked gel-network and the 
internal osmotic pressure of the hydrated acrylic acid monomers [45, 185, 186]. On the 
other hand, at pH values greater than 4 the electrostatic repulsion generated between the 
negatively charged carboxylic groups leads to an increase in the hydrophilicity among the 
gel network in turn triggering the prepared composite particles to be capable of uptaking 
larger amounts of polar solvent [187] and a larger equilibrium hydrodynamic size results. 
The correspondingly electrophoretic mobility results were also obtained to illustrate the 
charging of the composite microgel particles as residual carboxyl moieties are ionized at 
higher pH, shown in the inset of Figure 4.9. 
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We also investigated the temperature-induced phase transition of composite 
microgel particle systems. For neutrally charged composite particles, at pH 3, we found a 
volume phase transition temperature (VPTT) of 33 °C, which shifts to a higher 
temperature and broadens with increasing pH, displayed in Figure 4.10. These 
characterization measurements indicate the incorporation of a fluorescent polystyrene 
core does not alter the environmentally responsiveness of the prepared composite gel-
particles. 
  
Figure 4.9 Illustrates the pH dependence of the average hydrodynamic 
diameter of the composite microgel particles in an aqueous dispersion 
at room temperature. Inset: displays the pH dependence of the 
electrophoretic mobility of the prepared particles. 
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4.2 Uptake and Release of Active Species into and from Multifunctional Microgels 
4.2.1 Ionic Microgels 
4.2.1.1 Uptake and Release of Lecithin 
The gel network structure of the prepared particles and their ability to endure 
large swelling-deswelling transitions allows small molecules, such as lecithin, to be 
incorporated and later released from the microgel interior. The release of lecithin can 
potentially be applied towards modifying the viscoelasticity of a targeted fluid which 
equilibrates at the oil-water interface. Figure 4.11 displays the snapshot images of the 
supernatants collected from the lecithin uptake and release.  
Figure 4.10 Temperature dependence of the average hydrodynamic diameter of the 
composite microgel particles measured at pH 3 and pH 10. Leftmost inset: shows the SEM 
image of dried fluorescent core particles along with the average hydrodynamic diameter of 
those particles as a function of temperature. Right insets: the thermally induced VPTT is 
defined as the temperature which the first derivative of the mean hydrodynamic diameter 
versus the temperature curve reaches a minimum value. 
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For the uptake of lecithin, the presence of clear supernatant was observed for the sample 
prepared at pH 5 prior to the strong base-wash elution process (Fig. 4.11a), whereas a 
hazy supernatant was witnessed for the sample prepared at pH 10 (Fig. 4.11b). 
Furthermore, for the release of lecithin post strong base-wash, the presence of a   milky 
supernatant was attained for the sample initially prepared at pH 5 (Fig. 4.11c), while a 
mostly lucid supernatant was obtained for the sample initially prepared at pH 10 (Fig. 
4.11d). 
FTIR measurements were utilized to validate the uptake of the lecithin from those 
collected supernatants. Figure 4.12a-b depicts the FTIR absorption results of the 
supernatants via the designed uptake and release experiment. It was interpreted from the 
results that the incorporation and release of lecithin was successful for the microgel 
Figure 4.11 Snapshot images of the supernantants collected from lecitihin 
uptake and release via poly(NIPAm-co-DMAPMA) microgel particles: (a) 
uptake supernatant obtained from the sample initially prepared at pH 5 and (b) 
uptake supernantant obtained from the sample initially prepared at pH 10 and (c) 
release supernatant obtained from the sample initially prepared at pH 5 and (d) 
release supernatant obtained from the sample initially prepared at pH 10. 
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dispersions initially modified to be pH 5, evidenced by the distinct infrared spectra which 
corresponded with known literature [188]. 
To further authenticate the previous FTIR results, rheology measurements of 
those supernatants were also performed. It was noted, in the presence of lecithin, shear-
thinning behaviors were observed on the viscosity of a water-based fluid as shear rate 
increases. Figure 4.13a-b, displays the fluid viscosity as a function of shear rate for the 
collected supernatants from the lecithin uptake and release. The supernatant viscosity of 
the sample initially altered to pH 5 was efficient for the lecithin uptake due to dramatic 
increases in shear-thinning documented prior and following of the strong base-wash. In 
contrast, the adverse rheological behaviors were established from the supernatants of the 
microgel samples adjusted to be initially at pH 10. 
Figure 4.12 Normalized FTIR measurements of the collected supernatants 
from lecithin uptake and release via poly(NIPAm-co-DMAPMA) microgels: 
(a) sample initially prepared at pH 5 and (b) the sample initially prepared at 
pH 10. 
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Possible mechanism that dictates this absorption process can be related to the 
dominant “driving forces” derived from the ionic properties and the associated 
fundamental interactions of the prepared microgels coupled with osmotic pressure 
balancing. To further elaborate, lecithin molecule is amphoteric in nature, hence it has 
both amine and carboxylic acid groups that can either donate or accept a proton based on 
its isoelectric point of 3.3-4.6 [189, 190]. Therefore, from pH 4 to 7, during the designed 
entrapment process, the lecithin molecules carry a negative charge as result of being 
above the aforementioned isoelectric point. This is vital to note, since in this pH range the 
amine groups contained within the prepared ionic particles are fully protonated and the 
long-range electrostatic interaction becomes highly attractive to the negatively charged 
lecithin molecules. Moreover, the presence of the counterions can establish an osmotic 
pressure balancing between the interior and exterior of the microgels contributing to 
particle swelling with water upon uptake [28]. Thus, the extent of swelling was 
hypothesized to be dependent on the concentration of fixed ionic groups within the gel 
network, the degree of ionization of the charged groups, as well as the electrolyte 
Figure 4.13 Rheology measurements of the obtained supernatants from lecithin uptake 
and release via poly(NIPAm-co-DMAPMA) microgels: (a) sample initially prepared at 
pH 5 and (b) the sample initially prepared at pH 10. 
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concentration in the continuous phase. In addition, when the latter is more dominant, the 
ionic osmotic pressure difference between the particle interior and exterior would become 
relatively small, and the swelling would be dictated via the osmotic pressure affiliated 
with the neutral part of the network [129, 191]. In the highly basic pH range, the microgel 
network is internally rendered slightly negative which in turn acts to repulse the 
encapsulated negatively charged lecithin resulting in a “squeezing” release process. 
4.2.1.2 Formation of Composites based on Ionic Microgel Particles and Fe3O4-NPs 
 In this study we explored a facile approach to obtain polymer-inorganic 
composites that do not require organic solvents, surfactants or stabilizers entailed by 
emulsion polymerization to encapsulate inorganic or metallic nanoparticles. Organic-
inorganic composites were prepared with Fe3O4-NPs adsorbed and embedded within 
microgel particles of the cross-linked, environmentally responsive polymer. The presence 
of Fe3O4-NPs covered and partially covered composite particles were observed for the 
sample prepared at pH 7 and 5, whereas uncovered microgels were attained at pH 3 and 
10. Figure 4.14 shows representative TEM images of composite microgel particles 
fabricated at various pH along with the zeta potentials data of the prepared ionic microgel 
particles and pure Fe3O4-NPs as a function pH. 
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Strong electrostatic interaction was assumed as the primary “driving force” 
dominating the uptake and adsorption of the Fe3O4-NPs to the ionic microgels at pH 5 
and 7. In addition, charged groups were present at the periphery of the prepared microgel 
particles since they were synthesized in the deswollen state via precipitation 
polymerization [70]. These positive surface-charge groups likely arose from the cationic 
initiator residues at the end of the constituent polymer chains within the particles, and 
helped to stabilize the microgel particles against coagulation in their deswollen state 
[192]. Thus, at pH 5-7, the formations of composite dispersions were possibly caused by 
the governing electrostatic attraction pulling the strongly negative Fe3O4-NPs to the net 
positive microgel particles. On the other hand, at pH 10, where the prepared ionic 
microgel particles were neutral to slightly negatively charged, the uptake and adsorption 
of the negatively charged Fe3O4-NPs did not fully transpire, as the electrostatic 
Figure 4.14 TEM images of collapsed organic-inorganic composites composed of ionic 
microgels and Fe3O4-NPs prepared at various pH and the Zeta potentials of the 
poly(NIPAm-co-DMAPMA) microparticles and the pure Fe3O4-NPs both as a function 
of pH. 
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interaction between the two types of particles was then unattractive or slightly repulsive. 
Furthermore, at pH 3, the formation of Fe3O4-NPs fully covered composite particles was 
also nonexistent, likely due to the presence of both positively charged Fe3O4-NPs and 
microgel particles. Figure 4.15a-d illustrates the nearly reversible formations of the 
aforementioned composite colloids upon pH tuning. 
Additionally, SEM imaging was utilized to capture the surface topography and 
thus the change in hydrodynamic diameter at pH 7 between the dried microgel and the 
microgel with organic-inorganic composites adsorbed onto its surface as shown in Figure 
4.16a-b.  Intriguingly, it seems plausible for the adsorbed and embedded Fe3O4-NPs at 
pH 5-7, to be released by inducing strongly repulsive electrostatic interactions between 
the microgel particles and the Fe3O4-NPs via altering the solution pH. This postulate was 
founded on the basis that the loading efficiency of the Fe3O4-NPs encapsulated within the 
Figure 4.15 TEM images of reversible formation of organic-
inorganic composites composed of ionic microgels and Fe3O4-
NPs: (a) the sample was tuned from pH 3 to 7 and (b) the 
sample was tuned from pH 11 to 7. 
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gel network was dictated by the tunable electrostatic interactions, which were strongly 
influenced from the protonation of the contained amine groups within the prepared ionic 
microgel particles. 
4.2.2 Zwitterionic Microgel Particles 
4.2.2.1 Adsorption of Anionic DOSS Surfactant 
DOSS is an anionic organic sulfonic acid salt surfactant contained in Corexit 9500 
and is commonly applied as a synthetic chemical dispersant used to modify and disrupt 
the interfacial tension between the water-oil interfaces [193]. Relevance in adsorbing and 
releasing DOSS offers potential for applications in chemical processing and oil spill 
remediation. Figure 4.17a illustrates the average hydrodynamic diameter of the ZI-MG 
(0.85) as a function of added DOSS concentrations at pH 3 and 11 measured at room 
temperature. At pH 3, where the amine groups of the DMAPMA are fully protonated and 
the prepared particles convey a net positive charge, the average hydrodynamic diameter 
of the microgel particles declines progressively with increasing DOSS concentrations. 
Thus, it is postulated that the dominant mechanism for the adsorption of DOSS into the 
Figure 4.16 SEM images of collapsed microgels: (a) pure poly(NIPAm-co-
DMAPMA) microparticles prepared at pH 7 and (b) organic-inorganic 
composites prepared at pH 7 with Fe3O4-NPs adsorbed and embedded within 
poly(NIPAm-co-DMAPMA) microgels. 
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gel network is derived from the strong electrostatic attraction present between the 
negatively charged head groups of DOSS to the positively charged DMAPMA moieties 
within the prepared particles. In contrast, at pH 11, where the prepared particles exhibit 
strong anionic characteristics, the mean hydrodynamic diameter initially decreased and 
subsequently remained nearly unvarying, implying that if there is any substantial 
adsorption of DOSS, then no extensive deswelling occurs with rising DOSS 
concentration. Due to this lack of deswelling, a non-electrostatic mechanism is assumed 
for the initial shrinking of the ZI-MG particles at pH 11, which leads to the slight 
adsorption of DOSS molecules. Thus, it is hypothesized that the “driving force” for this 
initial particle deswelling is the high affinity nature of the hydrophobic interaction among 
the hydrocarbon tail groups of the DOSS surfactant to the partially hydrophobic moieties 
across the prepared gel network.  
Overall, with respect to the corresponding differences in the mean hydrodynamic 
diameter with increasing DOSS concentration, the effect of ZI-MG composition is less 
apparent when examined at both pH values. However, the ZI-MG (0.85) particles are 
comprised by a greater fraction of amine groups in comparison to the ZI-MG (0.29) 
particles and consequently demonstrated marginally greater adsorption characteristics 
when measured in the degrees of deswelling as a function of added DOSS concentrations.  
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Additionally, it is vital to note that there is an inflection point on the adsorption curve, 
where the average hydrodynamic diameter of the ZI-MG particles reaches a minimum 
value just below the critical micelle concentration (CMC) of DOSS (~2.6 mM [194]) at 
room temperature. A probable explanation for the apparent reswelling of microgels prior 
to the solution CMC may be attributed to the interactions between the polyelectrolyte 
chains encompassed within the prepared particles to the oppositely charged surfactants 
applied in this system. To further elucidate, in the oppositely charged mixed solution, the 
dominant electrostatic attraction among the charged groups can lead to a bulk 
complexation above a surfactant concentration defined as the critical aggregation 
concentration (CAC). Upon exceeding the CAC of DOSS (~1.8 mM [195]) at room 
temperature, the formation of surfactant aggregates within the gel network may ensue. 
Thus, at surfactant concentrations beyond the CAC, strong internal electrostatic repulsion 
between the formed aggregates within the microgel particles could induce a rapid 
increase in the adsorption amount and consequently result in their reswelling with water. 
Figure 4.17 Avg. hydrodynamic diameter (a) and the electrophoretic mobility (b) of 
ZI-MG (0.85) particles as a function of added DOSS concentration at pH 3 and 11 
studied at room temperature. 
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This behavior is directly akin to that investigated via Langevin et al., in which they 
examine the cationic surfactants and anionic polyelectrolytes interaction in mixed 
aqueous solution with various techniques [196].  
The electrophoretic mobility measurements displayed in Figure 4.17b are also in 
concurrence with the mean hydrodynamic diameter data previously discussed. At pH 11, 
the electrophoretic mobility of the particles is invariant with added DOSS concentration, 
whereas at pH 3 the electrophoretic mobility of the prepared particles becomes more 
negative with rising DOSS concentration prior to the CAC. This further implies that 
DOSS molecules can be uptaken into the microgel bulk. At pH 3 with added DOSS 
concentrations above the CAC, the electrophoretic mobility is more positive, alluding 
that more DOSS molecules can be absorbed within the microgel particles. Moreover, 
other work has presented analogous mobility profiles with the uptake of sodium 
dodecylbenzenesulfonate (SDBS) into cationically charged PNIPAm-based core-shell 
microgel particles [129]. 
One interesting application derived from the presented microgel system is that 
DOSS can be uptaken and released from the ZI-MG particles by utilizing an 
environmental trigger: tuning the pH from 3 to 11. This is evident in Figure 4.18; there is 
a noticeable decrease in the adsorbed amount of DOSS investigated below the CMC 
concentration upon increasing pH indicated from the extensive variations in the measured 
hydrodynamic diameter of the particles. This phenomenon is resultant of the inversion of 
ZI-MG particle charge properties from positive to negative through modifying the 
solution pH to 11. It is postulated that when the pH is raised to 11, ionization renders 
carboxylate groups of the AAc moieties negative and the amine groups of the DMAPMA 
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moieties re-protonate, becoming neutral, resulting in a net negative charge. Thus, the 
release of the anionic DOSS molecules via electrostatic repulsion between the negative 
charges springs from the anionic surfactant and the ZI-MG gel network. Furthermore, 
based on the initially added DOSS concentration, the surfactant desorbs back into 
solution corresponding to an estimated 70% hydrodynamic size increase at 2.092 mM 
DOSS prior to the CMC. We presume that the release of DOSS could be further 
augmented in conjunction with rising temperature through a squeezing release process 
due to the temperature responsiveness of the prepared ZI-MG particle dispersions. 
Surfactant molecules are amphipathic and have complicated solution chemistry. 
In order to further validate and quantify the adsorption of DOSS, 
1
H NMR was utilized 
for the collected supernatants obtained during the uptake and release studies at pH 3 and 
Figure 4.18 Avg. hydrodynamic diameter as a function of the equilibrium 
DOSS concentration with pH alterations at room temperature. 
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11. Figure 4.19 depicts the 
1
H NMR results of the gathered supernatants. It is interpreted 
that DOSS was successfully adsorbed onto the prepared ZI-MG dispersions modified to 
be pH 3 at concentrations below the CMC, this is made evident by the reduced DOSS 
methylene and methyl resonances at 1.29 ppm and 0.85 ppm, respectively [197]. In 
contrast, the obtained supernatants for the samples modified to be pH 11 demonstrated 
relatively higher intensity for methylene and methyl resonances (at all concentrations of 
DOSS) signifying less adsorption of DOSS. 
Figure 4.19 Normalized 
1
H NMR spectra: (a) DOSS standard and pure ZI-MG 
(0.85) particles and (b) the collected supernatants from DOSS uptake and release 
via ZI-MG (0.85) microgels at pH 3 and 11.  Please note the CMC of DOSS is 
~2.66 mM. 
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4.2.2.2 Adsorption of Cationic CPyCl Surfactant 
CPyCl is a versatile cationic surfactant which can be widely applied for multiple 
antiseptic applications [198, 199]. The average hydrodynamic diameter of the ZI-MG 
(0.85) particles, as a function of added CPyCl concentrations at pH 3 and 11 obtained at 
room temperature is shown in Figure 4.20a. At pH 3, where the ZI-MG are strongly 
cationic, the hydrodynamic diameter remains nearly invariant with increasing CPyCl 
concentration, signifying that if there is any uptake of the cationic surfactant, then no 
extensive deswelling occurs. In contrast, at pH 11, where the carboxyl groups of the AAc 
moieties are fully ionized, the prepared particles carry a net negative charge, the mean 
hydrodynamic diameter of the microgel particles decreases steadily as a function of 
increasing CPyCl concentration. Thus, it is hypothesized that governing mechanism for 
CPyCl adsorption into the microgel network is an electrostatic interaction at pH 11.  
Figure 4.20b illustrates that the measured electrophoretic mobility data are in 
good accordance with regard to the corresponding variations in the hydrodynamic 
diameter with increasing CPyCl concentrations over the concentration range studied (the 
maximum CPyCl equilibrium concentration investigated is less than the CMC of ~0.9 
mM [200] at room temperature). At pH 3, the mobility of the prepared particles is 
independent of CPyCl concentration, whereas at pH 11 the electrophoretic mobility of the 
ZI-MG becomes less negative with increasing CPyCl concentration due to the adsorption 
of CPyCl molecules onto the gel-bulk. It was postulated at higher CPyCl concentrations 
the electrophoretic mobility might become more positive with the formation of surfactant 
aggregates within the gel network. 
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Figure 4.20 Average hydrodynamic size (a) and 
electrophoretic mobility (b) and adsorbed amount 
of CPyCl surfactant onto ZI-MG (0.85) particles 
(c) as a function of equilibrium CPyCl 
concentration at pH 3 and 11 obtained at room 
temperature. 
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The effect of pH on the adsorbed amounts of CPyCl for the dispersed ZI-MG 
particles is shown in Figure 4.20c. At pH 3, where the prepared ZI-MG particles 
exhibited strong cationic characteristics, there appear to be only a slight adsorption of the 
CPyCl molecules with greater CPyCl concentration. This is most likely governed by 
hydrophobic interactions between the tails of the surfactant molecules to the presence of 
fully protonated amine groups within the polymer network comprising the ZI-MG 
particles. In comparison, at pH 11, the adsorbed amount at any given CPyCl 
concentration is substantially greater than at pH 3. This is postulated to be due to the 
strong electrostatic attraction among the cationic surfactant head groups to the anionic 
sites within the gel-network, analogous to the adsorption of DOSS at pH 3, as discussed 
earlier.  
Figure 4.21 shows the variation with pH in the amount of CPyCl adsorbed via ZI-
MG (0.85) when the initial concentration of added CPyCl is kept constant at ~0.412 mM 
and ~0.825 mM. It is evident from Figure 9 at either fixed concentration that the amount 
of adsorbed CPyCl does decrease strongly with pH. It is also significant that there is a 
sharp increase in the adsorbed amount across the IEP of the prepared particles between 
pH 5 and 6. This implies tunable uptake and release potentials where the required 
variation in pH application is relatively small. 
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4.2.2.3 Adsorption of Nonionic TX-100 Surfactant 
In this study we explore the uptake of a nonionic surfactant into the 
zwitterionically charged microgel particles. The average hydrodynamic diameter of ZI-
MG (0.86) particle dispersions as a function of added nonionic TX-100 surfactant 
concentration is illustrated in Figure 4.22. At pH 3 and 11, the overall swelling profiles 
are analogous when compared. The slight particle deswelling prior to the CMC (~0.24 
mM [201]) is proposed to be due to the binding of nonionic surfactant with the prepared 
microgels at room temperature.  At pH 3, the ether oxygens in the bulky ethylene oxide 
head groups of the nonionic surfactant molecules interact with the hydrogen on the 
neutral carboxylic residues within the microgel particles. However, at pH 11, with the 
presence of deprotonated carboxyl moieties, the adsorption mechanism is proposed to be 
Figure 4.21 Adsorbed amount of CPyCl for the ZI-MG (0.85) 
particles with a fixed initial CPyCl concentration of 0.412 mM and 
0.825 mM as a function of pH obtained at room temperature. 
  
82 
due to hydrophobic attraction among the nonionic surfactant’s tail groups to the 
DMAPMA groups with diminished polarity within the ZI-MG particles.  
This aligns with the notion that with the absence of electrostatic attraction 
between the ionized groups and the targeted surfactant at both pH values, the surfactant 
uptake may occur via hydrogen-bonding or hydrophobic interaction. Moreover, at both 
pH values and as a function of TX-100 concentrations, the mean hydrodynamic diameter 
has a slight increase in the measured particle size above the CMC. This small increase in 
size of the prepared microgels at concentrations above the CMC is hypothesized to be 
due to the accumulation of free TX-100 within the bulk, where the formation of 
surfactant aggregates within the gel network can occur upon exceeding the CAC, thus 
creating an internal electrostatic repulsion to dictate particle swelling. 
Figure 4.22 Avg. hydrodynamic size of ZI-MG (0.85) 
with varying pH measured at room temperature. 
  
83 
4.3 Structure of Colloidal Lattices at IL-in-Water Interfaces 
Figure 4.23a-d shows representative confocal microscope images obtained at 
under high magnification of IL-in-water Pickering emulsion droplets containing the 
prepared composite microgel particles at various pH and temperatures. We observed that 
the surface coverage is independent of the droplet size and that the interface appears 
highly fluorescent whereas the continuous phase is very dark, signifying that most of the 
prepared particles are located in the vicinity of the interface. In addition, the imaged 
microdomains of the droplets show that the adsorbed microgel particles appear not to be 
in close contact. This observation of inhomogeneous spatial distribution of the 
fluorescent intensities is evident of integration of fluorescently-labeled cores within the 
composite particles which allows accurate detection of the particle center-of-mass. 
Clearly, composite microgel particles are able to effectively stabilize an IL-in-water 
interface through their spontaneous adsorption at the liquid interface. While the 
mechanism with which microgel particles adsorb remains uncertain, it has been 
established that it is different from classical Pickering stabilization, and embodies 
features of both particle-like anchoring and  polymer-like adsorption [202]. While we 
observe adsorption of our soft microgel particles at all IL-in-water interfaces investigated, 
fine-tuning of the chemistry is required for solid colloid particles. This is achieved by 
altering the hydrophobicity, the charge density, or the surface functional groups.  
Figure 4.23a represents confocal microscope images of the colloidal lattice at pH 
3 at 24 °C. The inset FFTs of the images show six distinct first-order peaks with multiple 
higher-ordered reflections. This pattern is similar to those observed on polystyrene-
polyvinylpyridine block copolymer films with very ordered colloidal lattice and can be 
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interpreted as an indication of the close-packed-ordered structure [203, 204]. Moreover, 
the colloidal microgel particles within the lattice oscillate around their equilibrium 
positions, hypothesized as the result of constrained motion due to the underlying lattice 
constraint and thermal fluctuation. Figure 4.23b illustrates representative confocal 
microscope images of the colloidal lattice at pH 10 at 24 °C. 
The FTTs display a diffuse ring, which is similarly observed on 
poly(dimethylsiloxane)-in-water Pickering emulsions containing sulfate-treated and 
aldehyde-sulfate-treated polystyrene particles when assembled into less ordered 
microdomains and was inferred to the presence of a large fraction of defects [204]. From 
Figure 4.23 The top row illustrates confocal microscope images of colloidal lattices (a-d) 
at droplet surfaces at varying pH and temperatures. The insets show the FFT of the 
associated confocal microscope images. The bottom row shows the constructed Voroni 
diagrams of the colloidal lattices at the droplet surfaces (e-h) at varying pH and 
temperatures. In e-h, the cyan, magenta, lime green, yellow and blue fills represent, 
fourfold, fivefold, sixfold, sevenfold, and eightfold sites, respectively; the gray fills 
represent incomplete cells at the edge of the lattice and were not taken into account 
during data analyses. 
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FFT analysis and the visual inspection, the colloidal lattices of the prepared pH 10 
samples is less ordered than the pH 3 samples at various temperatures.  
The differences in the colloidal lattice organizations are postulated to be due to 
the effect of surface charge of the microgel particles at the IL-in-water interfaces. At pH 
3, the particles are neutrally charged and thus oscillate around their equilibrium positions 
in an ordered, closely-packed lattice. In contrast, at pH 10, where the carboxyl groups of 
the AAc moieties are fully ionized, the prepared particles carry a net negative charge thus 
oscillate outside equilibrium within the lattice and spread further apart, influenced by 
strong interparticle electrostatic repulsion. Remarkably, upon elevating the temperature to 
their respective VPTT, the caliber of colloidal lattice organization was visually 
maintained at both pH 3 and 10, illustrated in Figure 4.23c,d.  
To further characterize the structure of these colloidal lattices, we have 
constructed Voroni diagrams and evaluated the defect number and configurations. Voroni 
diagrams divide the space into polygons with shared sides having equal distances to the 
two adjacent particle center locations [205]. For this study, they were constructed via the 
particle centers in snapshots of the confocal microscope images to assist in visualizing 
lattice topology. Please note, the number of polygon sides reflects the coordination 
number of a particle, in turn yielding the number of nearest neighbors [206]. For an ideal 
triangular lattice, all particles should have a coordination number of 6. Fourfold, fivefold, 
sevenfold, and eightfold coordinated sites observed in this investigation are defined as 
defects, akin to previous defect analyses focused on experimentally observed colloidal 
lattices [207, 208]. Figure 4.23e-h, shows the color-coded Voronoi diagrams of the IL-in-
water Pickering emulsion droplets containing the prepared composite microgel particles 
  
86 
at various pH and temperatures. The distorted hexagonal cells designate low local 
hexagonal symmetry of the lattice. In fact, organized semi-perfect hexagonal symmetry 
was more readily observed in emulsion droplets stabilized by the microgel particles at pH 
3. This is hypothesized to be a result of localized minimum oscillation of these particles, 
displayed in Figure 4.23e,g. The number of defect sites was more prevalent at pH 10 
where the continuous oscillation was augmented via electrostatic repulsion, shown in 
Figure 4.23f,h. Upon rapid tuning of the pH, either from pH 3 to pH 10 or vice versa, no 
variations in emulsion stability are detected. However, colloidal packing pattern changes 
are observed. 
Additionally, Cyro-SEM imaging was utilized to capture the surface topography 
of these emulsions prepared at pH 3 and pH 10, shown in Figure 4.24. As the 
micrographs suggest, self-assembly of the swollen microgel particles at the IL-in-water 
interface under these conditions leads to distinctive densely packed coverage of the IL 
droplets with the stabilizing composite microgel particles.  
Figure 4.24 Cyro-SEM images of the interface of IL-in-Water emulsion 
droplets coverd by composite microgel particles at pH 3 (a) and pH 10 (b) after 
sublimation. 
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To quantify the impact of pH and temperature on the interfacial packing, we 
carried out additional interfacial structural analysis. Through in-situ and non-invasive 
visual inspection without the requirement for sample treatments such as vitrification and 
freeze-fracturing utilized in prior studies [209-211], we have confirmed there is indeed an 
increase in the interparticle separation distance (defined also as the nearest neighbor 
distance, shown in Figure 4.25a scheme) upon increasing pH. To evaluate this, the 
normalized radial distribution functions of the composite microgel particle positions g(r) 
were generated from twenty different droplets. As expected, the colloidal lattice structure 
at pH 3 demonstrated the distinctive pattern for 2-D hexagonal packing, with 
characteristic peaks at a, 𝑎√3, 2a, 𝑎√8, and 3a, where a is the nearest neighboring 
distance, shown in Figure 4.25b. In contrast, at pH 10, we assessed more disorder in the 
characteristic peaks, which denotes a more random packing-structure. In addition, upon 
increasing the pH to 10, the interparticle distances increase as evidenced from the 
corresponding peak shift to larger values of r. To characterize the colloidal lattice packing 
organization and particle spread at the interface, we normalized g(r) with the average 
hydrodynamic diameter, Dh, of the prepared particle dispersion of the same pH via 
dynamic light scattering. This method collapses the nearest-neighbor peaks of all pair 
correlation functions into a single peak at a normalized distance r/Dh ~0.95 and r/Dh 
~0.66 at room temperature for pH 3 and 10, respectively. These ratios suggest that our 
composite microgels shrink when adsorbed at the IL-in-water interface. Prior work has 
demonstrated that microgel particles can spread, remain un-deformed, or shrink, at an oil-
in-water interface reliant on a variety of factors such as interfacial tension [8, 90], shear 
history [212, 213], and charge density [214]. Please note that previous observation for 
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homogenous microgel particles are made with potentially invasive techniques in which 
the sample, containing thermo-responsive particles, is first cooled and then freeze-
fractured, while our observations are made in-situ. Others have investigated the packing 
of similar core-shell particles, with a silica core, using scanning force microscopy. In this 
case, the imaging occurs under artificial conditions, requiring drying of the sample 
inducing changes to the surface structure []. 
To investigate the effect of temperature on interfacial structure, we introduced in-
situ localized heating during confocal microscopy imaging. It appears that the colloidal 
Figure 4.25 Influence of pH on the interfacial assembly of the composite microgel 
particles at varying temperatures is as follows: scheme illustrates the particle 
arrangement at the interface and the nearest neighboring distance (a), normalized 
pair correlation function g(r)/g(r)First Peak at pH 3 (b) and pH 10 (c), histograms of 
nearest neighbor distance on the colloidal lattices at pH 3 (d) and pH 10 (e), the bar 
charts represent the distribution of four-to-eight-sided polygons in the colloidal 
lattices at pH 3 (f) and pH 10 (g). All analysis was derived from the Voronoi 
diagrams of twenty different droplets.  Inset: shows the normalized pair correlation 
function g(r)/g(r)First Peak of a theoretical 2-D hexagonal packed lattice. 
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lattices at pH 10 have a wider particle spacing distribution than the studied colloidal 
lattices at pH 3. The histograms of nearest neighboring distance of over 400 counts in 
approximately twenty droplets for each system at room and elevated temperatures are 
shown in Figure 4.25d,e. The distribution histograms of the pH 3 systems show similar 
peak width, while the histograms of the pH 10 system demonstrate a much broader peak. 
When we focus on the increased temperature effect of both systems and sort the nearest 
neighboring distance, we find that on the same droplet the interparticle distance between 
adjacent composite microgel particles at pH 3 and pH 10 are always larger at room 
temperature than at their respective VPTT. To further elucidate the effect of temperature 
on the lattice structure, we present a bar chart of the counts (distribution %) of the 
number of nearest neighbors for the adsorbed composite microgel particles for pH 3 and 
10 at both room and elevated temperatures. Interestingly, the distribution of the number 
of neighbors was not impacted by increasing the temperature for both systems, as 
depicted in Figure 4.25f,g. Upon increasing the temperature to the VPTT, there was an in-
situ decrease in droplet size, and the interparticle distance between adjacent adsorbed 
particles reduced without changes in organization of the colloidal lattice. However, when 
we later heated both systems significantly over the VPTT (~70 °C), the emulsion became 
unstable and effectively de-mixed to two macroscopic phases (see macroscopic images in 
the supporting information). Upon increasing the temperature substantially higher than 
the VPTT for both of the microgel particle stabilized emulsions, the particles deswell and 
become adhesive. While this thermo-induced destabilization mechanism remains 
undefined, we tentatively postulate the following: the surface coverage decreases and the 
two interfaces, divided by a thin film of water, become attractive. This attraction removes 
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both the thermodynamic and kinetic barriers inhibiting coalescence, akin to the studies 
conducted for microgel particle behavior at the oil-in-water interface.  
A significant requirement for extraction is that the interface between IL and water 
remains permeable. To investigate this, we add fluorescent dye, rhodamine B, to the 
continuous phase of an IL-in-water emulsion stabilized with prepared microgel particles 
illustrated in Figure 4.26. Immediately upon the addition of the dye, the pigment is found 
in the IL phase (Fig. 4.26c). To better visualize the uptake of small molecules across a 
microgel-laden interface for both pH systems, we utilized confocal microscopy at room 
temperature. Intriguingly, we found that all of the dye is located in the IL droplets and 
Figure 4.26 Macroscopic pictures of IL-in-water and IL-in-water 
emulsions stabilized with composite microgel particles at pH 3 and 
pH 10 (a), immediately after the addition of 0.02 mM Rhodamine B 
(b) and upon pigment diffusion into the IL (c). 3-D Stacked confocal 
microcopy images of the successful diffusion of Rhodamine B into 
the IL-in-water emulsions at pH 3 (d) and pH 10 (e); the IL is 
colored red and the composite particles are yellow-green. 
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none remains in the water phase (Fig. 4.26d,e). This shows that despite the densely 
packed interface, small molecules can easily permeate across the porous adsorbed gel-
particle layer. 
  
  
92 
5. SUMMARY AND FUTURE WORK 
5.1 Summary 
In this work, we assessed a method to synthesize multifunctional environmentally 
responsive ionic microgel particles. More importantly, we have elucidated the effective 
uptake and release of active chemical species such as rheology modifiers into and from 
these ionic microgels to alter the bulk viscosity of a targeted surrounding fluid. 
Additionally, we explored an approach that leads to controlled formation of organic-
inorganic composites with Fe3O4-NPs adsorbed and embedded within ionic microgel 
particles. Overall we have shown that the adsorption and loading of Fe3O4-NPs within the 
ionic microgel particles can be easily manipulated using the ionization and swelling of 
the particle-gel-network as a facile tunable variable. 
Furthermore, we reported a method to synthesize micrometer-sized 
multifunctional environmentally responsive ZI-MG particles. These aqueous ZI-MG 
dispersions exhibit large reversible parabolic swelling as a function of pH and displayed a 
minimum hydrodynamic diameter value at a tunable IEP. In addition, we explored an 
approach that leads to controlled adsorption of surfactant molecules within dispersed ZI-
MG particles via facile pH manipulation. It was demonstrated that the adsorption and 
desorption of the surfactant from the prepared particles could be predominantly governed 
by electrostatic attraction, hydrogen-bonding, and hydrophobic interaction depending on 
the mixture pH and surfactant type.  
Overall, our investigations of the prepared charged microgel systems revealed the 
exciting effects of gel-network structure on active macromolecule encapsulation. Thus, 
we believe those systems are potentially well suited as a relevant vehicle for the 
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adsorption, retention, and targeted delivery for novel carrier applications of active 
species. 
In another component of this thesis, we report the self-assembly of composite 
microgel particles in IL-in-water Pickering emulsions. When spontaneously adsorbed at 
the liquid-liquid interface, these soft and environmentally responsive particles display an 
interesting duality in their interfacial behavior attributed to both a Pickering-like 
anchoring and a polymer-like adsorption. The incorporation of a fluorescently labeled 
core into the microgel particle allows non-invasive and in-situ visualization of an 
unanticipated correlation between the gel-stabilizer’s charge and interfacial colloidal 
lattice packing in response to external stimuli such as pH and temperature. Moreover, de-
emulsification can be triggered at high solution temperature due to the removal of both 
the kinetic and thermodynamic barriers preventing coalescence. Additionally, we 
demonstrated that the densely packed layer of gel-particles remains permeable at the IL-
in-water interface for absorption of active species. Thus, through the utilization of 
stimuli-responsive microgel particles as emulsifiers we are able to create highly tunable 
systems, which may open up novel extraction applications. 
  
  
94 
5.2 Future Work 
5.2.1 Impact of Microgel Cross-linking Density on Their Ability to Stabilize Pickering 
Emulsions 
Previously we have successfully established the versatility of microgels in 
stabilizing IL-in-water interfaces. However, the extensive details of their adsorption, 
conformation, and organization still remain largely indefinable. Additionally, how their 
compressibility and deformability interplay with other forces that act on microgels at a 
liquid interface is unknown. Such deformation plays in important roles in microgels’ 
adsorption and conformation at the oil-water interface and, as a result, on their final 
emulsion properties [215, 216].  
We propose utilization of the scaling theory developed by Vilgis and Stapper 
[217], which will enable the prediction of microgels’ fractal structures along with their 
mechanical properties at the interfaces. This study will focus on the influence of the soft 
nature of the gel-particles (based on particle compositions) to deform at the interface and 
interconnect. To elaborate, initially spherical in dispersion, the microgel particles 
flattened once at the emulsion drop surface, exhibiting a “fried-egg-like” morphology 
attributed to their structure [166]. The peripheral part of the microgel particles overlapped 
and interpenetrated, inducing interfacial elasticity, postulated to be responsible for 
emulsion stability. When the deformability is lost, either by increasing the microgel 
cross-linking density or via increasing the emulsion temperature, the stabilization 
efficacy should be reduced. Thus, the cross-linking density of the microgels has been 
found to govern not only the emulsion stability but also their flocculation state [216]. A 
similar study focused on the influence of the particle size on the ability of PNIPAm 
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microgels to stabilize oil-in-water Pickering emulsion has been recently conducted by 
Schmitt et al [90]. Figure 5.1 illustrate the schematic representation of the adsorbed 
microgels and the polymer density profile, ρ(z), at the oil-in-water interface for varying 
particle size, cross-linking degree, emulsion temperature, and stirring shear energy. In 
their study, when cross-linking density was increased, the drops became adhesive, 
leading to highly flocculated emulsions that were fragile against mechanical stirring.  
Therefore, through the utilization of the cryo-SEM technique, we will be able to 
demonstrate that the drop adhesion was due to microgels bridging opposite interfaces. To 
create bridges, microgels already adsorbed at one interface have to access the free 
Figure 5.1 Schematic representation of the adsorbed microgel particles and the 
polymer density profile at the fluid interface for (a) large and (b) small gel-
particles. In a similar way the effect of the cross-linking density may be 
schematically drawn (c and d) as well as the effect of process parameters such as 
initial temperature or energy (e and f). Please note z is the distance from the 
interface. Adapted from [166].  
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interface on the opposite drop already covered by gel-particles. The bridging probability 
is then related to the microgels’ mobility at the interface and the tendency of the drop to 
create a new interface during the adhesive film formation. We hypothesize that one of the 
consequences of the microgel deformability loss is the reduction of their lateral 
overlapping and interpenetration at interface, triggering a more liquid mechanical 
behavior of the interface-favoring bridging. This study would be similar to the work done 
by previous group members focused on understanding droplet bridging in ionic liquid-
based Pickering emulsions [218]. We further propose that highly deformed microgels 
(with a lower cross-linking density) induce high surface coverage and high interfacial 
connectivity (due to shell interpenetration) resulting in a more elastic interface able to 
resist bridging as microgels prepared with low number of cross-links should adsorb much 
better than microgels prepared with higher cross-linking densities as they are more likely 
to interpenetrate each other.  
In order to confirm the above postulate, we plan to conduct a systematic study of 
the interfacial deformation by synthesizing fluorescently labelled composite microgels 
with varying cross-linking densities and measuring surface tension throughout their 
adsorption process in IL-water emulsions.  
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5.2.2 Magnetically Responsive Pickering Emulsions 
Emulsions are often applied as a tool to organize matter. This can be 
accomplished either by the immobilization of particles in a capsule configuration at the 
interface or through the adsorption of the particles at the interface. Therefore, novel 
applications can be developed through the “tunable” destabilization of responsive 
emulsions under external stimuli. For example, the utilization of microgel-stabilized 
emulsions as biocatalysts was recently reported [219-221]. In this case, biocatalysis 
allows the production of enantiopure substances via enzymes [110]. However, many 
substrates are poorly water-soluble, while enzymes require aqueous environments. As a 
result, enzyme-catalyzed reactions are often implemented in biphasic aqueous-organic 
systems. The approach of using microgel-stabilized emulsions offers a facile method to 
attain high substrate concentration. In addition, the emulsion may be broken just by 
increasing the temperature above the VPTT to recover the reaction product in the organic 
phase and to recycle the microgels and the enzyme in the aqueous phase.  
Derived from the above concept, we aim to develop responsive organic-inorganic 
hybrid microgels that can equilibrate at fluid interfaces, and in turn temporarily 
“thicken/solidify” the targeted fluid layer which then can be removed via “skimming” 
upon tunable destabilization of the responsive emulsions under external stimuli. To 
accomplish this, we plan to prepare multi-responsive emulsifiers with the incorporation 
of magnetic nanoparticles into the thermosensitive and pH-responsive microgels. We 
expect that the targeted droplets will be stabilized by such particles. In addition, we 
postulate that through the application and manipulation of a static magnetic field the 
stabilized droplets can be isolated from the continuous phase. Furthermore, we 
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hypothesize that the localized heating induced through the use of a high frequency 
magnetic field can lead to targeted emulsion destruction via drop coalescence above the 
VPTT. 
Our previous work has demonstrated a facile approach to obtain polymer-
inorganic composites through the physical interactions between microgel particles and 
inorganic nanoparticles. Figure 5.2 illustrates the effect of heating on the formation of 
hybrid microgels consisting of Fe3O4-NPs prepared in the work described in Chapter 4.2.  
Those hybrid microgels were formed due to the governing electrostatic attraction 
pulling the strongly negative Fe3O4-NPs to the net positive microgel particles at pH 7. 
However, previous results indicated that the effect of heating enables the collapse of 
those particles and thus frees the adsorbed Fe3O4-NPs from the surface. Therefore, an 
alternative preparation method must be utilized to prepare hybrid magnetic microgels 
Figure 5.2 Illustrates the temperature effect on the formation of Fe3O4-MG 
hybrid colloids. 
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which can withstand structural damages upon pH and temperature variations. To 
accomplish this set objective, we propose the following synthesis method presented by 
Laurenti et al [222]. In this method, PNIPAm microgels are prepared by the previously 
described surfactant free radical polymerization. However, right after starting the 
reaction, we will introduce sodium acrylate (0.01 M, 35 mg) with the aim of enriching the 
microgels with carboxylic groups distributed on the surface. In turn, this will create a 
carboxylic group-rich shell in which the iron nanoparticles could be deposited. After the 
addition of the acrylate monomer the mixture will be refluxed for 7 hours under N2 
atmosphere, and subsequently, the particles will be filtered and dialyzed. Finally, the 
magnetic hybrids will be prepared by the co-precipitation method in the presence of the 
previously synthesized microgels. For this synthesis experiment, 0.1 g of previously 
prepared microgels will be dispersed in 50 mL of NaOH (0.1 M) aqueous solution. 
Afterward, 50 mL of a HCl solution (0.1 M) in which has been previously dissolved 32.5 
mg (0.18 mmol) of FeCl3·6H2O and 12 mg (0.09 mmol) of FeCl2·4H2O will be slowly 
added dropwise to the microgel dispersion under continuous stirring at 25 °C. Figure 5.3 
outlines the preparation of monodisperse and thermosensitive microgels with magnetic 
cores. Please note, by varying the amount of acid, it will be possible to obtain hybrid 
microgel particles with different magnetic core sizes and architectures. 
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To quantify the hybrid colloids, we then plan to use the thermogravimetry 
analysis (TGA) to determine the incorporated amount of the inorganic content. Next, 
typical emulsion batches will be composed following the previously describe methods. 
Potential findings from the proposed work will provide insightful information focusing 
on the link between microgel interfacial adsorption and responsive emulsion properties at 
the fluid interface.   
 
  
Figure 5.3 Represents the hybrid microgel formation mechanism (a) for 
magnetic cluster bigger than the nanogels and (b) for magnet cluster 
smaller than the nanogels. Adapted from [222]. 
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APPENDIX A 
A COMBINED EXPERIMENTAL AND MOLECULAR DYNAMICS STUDY OF 
IODIDE-BASED IONIC LIQUID  
  
125 
INTRODUCTION 
As discussed in Chapter 2, Ionic liquids (ILs) are salts that remain liquid at or 
below 100 °C, and often at or below room temperature. They remain liquid at such 
unusually low temperatures due to bulky, asymmetric constituent ions, which resist 
crystalline packing [223]. As they are liquids made up entirely of ions, ILs have unusual 
properties that make them potentially useful for a variety of applications including 
polymerization [224, 225], gas separation [226], enzymatic reactions [227], and batteries 
[228]. One intriguing aspect of ILs is their tunability—because each ionic liquid consists 
of a cation and an anion, cations and anions can be mixed and matched to obtain desired 
properties [229]. The properties of ILs can be further tuned by mixing them with other 
liquids such as water.  
Water/IL mixtures have been explored for use in bio-engineering applications 
such as dissolving biopolymers [230], destructuring starch [231], and pretreating biomass 
for use in fuels [232]. These mixtures have also found important use in electrical 
applications, serving as electrolytes for dye-sensitized solar cells [233] and the 
electrodeposition of zinc films [234]. Adding water to ionic liquids is particularly useful 
in electrical applications because many ionic liquids, while they can function as charge 
carriers, are highly viscous. This high viscosity limits the diffusion of charge carriers, 
thus limiting conductivity. Adding a low-viscosity solvent like water, therefore, has been 
found to greatly improve electrical performance [235]. The most common 
electrochemical application utilizing iodide ionic liquids, dye-sensitized solar cells, 
works most effectively with a low water content (about 10% by mole) [233]. However, 
the triiodide/iodide redox couple has been used in other electrochemical devices, many of 
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which do not have the same limits in regards to water content as cells containing dyes 
[236, 237]. Some of these applications, such as molecular electric transducer (MET) 
based sensors [238] currently use water-based electrolytes, but their usefulness could be 
limited by the working temperature range of water. Furthermore, water can act as a 
hydrogen bond donor with halide salts such as ILs to greatly lower the mixture transition 
temperature [239], potentially creating mixtures with an unusually wide operating 
temperature. Hopefully, the study of iodide IL/water mixtures will pave the way for the 
use of ILs in a wider variety of electrochemical devices.  
This paper examines mixtures of water with 1-butyl-3-methylimidazolium iodide 
([BMIM][I]). While pure alkyl-imidazolium iodide ILs have been widely employed as 
iodide sources in electrolytes for dye-sensitized solar cells [240], their usefulness is 
limited by their particularly high viscosity. Thus, we set out to overcome this limitation 
by adding water to lower the viscosity of [BMIM][I]. The properties of such mixtures 
have not been systematically studied or even reported. Here, we combine an experimental 
study with molecular dynamics (MD) simulations to explore the properties of 
[BMIM][I]/water mixtures. 
In the experimental study, density, melting point, viscosity, and ionic conductivity 
were reported for a range of concentrations of water in the IL. Trends in these properties 
were identified. The density measurements were used to tune an all-atom molecular 
dynamics model describing [BMIM][I], which was then used in MD simulations of the 
same [BMIM][I]/water mixtures. Similar simulations have been used to study mixtures of 
other ILs with water [241-244] and allow description of the molecular structure and 
fundamental physics of these mixtures. In this study, the results of MD simulations were 
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directly compared to the experimentally measured properties, relating molecular-level 
physics and structure to the macroscopic behavior of the mixtures.  This study does not 
only provide a greater theoretical understanding of ionic liquids and their mixtures - also 
allows researchers to tune mixtures for desired properties such as conductivity and 
viscosity. We also hope that researchers might consider the usefulness of iodide-
containing ionic liquids and their mixtures for a wider variety of applications in the 
future. 
METHODOLOGY 
Materials and Mixing 
The ionic liquid 1-butyl-3-methylimidazolium iodide ([BMIM][I]) was purchased 
from Ionic Liquids Technologies Inc. and the water was HPLC grade from Fisher 
Scientific. Both were used as received, without further purification. The ionic 
liquid/water mixtures were prepared by ultrasonic agitation for 1 minute with a Sonics 
VibraCell 500W in an ice water bath at an amplitude of 21%. The mixtures were 
observed to be homogenous and fully miscible by visual inspection.  
Density 
Density values were obtained by using a 2 mL specific gravity bottle at room 
temperature, following calibration of the bottle with pure HPLC water.  
Melting Point  
The melting points of the mixtures were measured using a TA Instruments Q20 
differential scanning calorimeter (DSC). A cooling scan was performed from 20 to -90 
°C at a rate of 2 °C per min followed by a heating scan from -90 to 20 °C, also at 2 °C per 
min, and the melting point was determined with the TA Universal Analysis software at 
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the large spike in the heat flow signifying the heat of fusion. Tzero pans with lids were 
used to contain all samples, with air used as the reference. 
Viscosity 
A TA Instruments AR-G2 rheometer equipped with a 60 mm, 1° cone was used to 
measure the viscosity via a flow procedure, with the temperature kept at 25°C via a water 
cooled/heated Peltier plate. A strain rate sweep was performed from 0.1 to 100 s
-1
. The 
IL/water mixtures were generally Newtonian fluids with a constant viscosity across sheer 
rates, and so the viscosity at a sheer rate of 1 s
-1
 was taken to be the viscosity of each 
mixture.  
Conductivity 
Conductivity measurements were determined via Oakton PC 700 
pH/mV/Conductivity bench top meter. The instrument conductivity ranges from 0 to 
200.00 mS. The instrument has a full scale resolution of 0.5% and an accuracy of ±1%. 
Throughout the experiment, the sample was placed in a constant temperature water bath 
kept at 300.0 ± 0.5 K. Each measurement was repeated three times and the average values 
were evaluated. In addition, prior to each measurement, the instrument was calibrated 
with corresponding KCl conductivity standard solutions.  
Computational Section 
Simulations were performed using the GROMACS 4.6 package [245-247]. 
Simulation systems were designed to mirror the same [BMIM][I]/water mixture 
proportions studied in the experimental section. The total number of molecules in each 
system was chosen to give a simulation box of approximately 5x5x5 nm
3
. The number of 
[BMIM][I] pairs and water molecules in each system is shown in Table A1. In each 
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system, molecules were placed in a simulation box randomly and then allowed to 
equilibrate for 1 ns.  
Table A1 Compositions of simulation systems. 
 Pure 
[BMIM][I] 
Mole % Water 
10% 20% 30% 50% 70% 90% 
[BMIM][I] (# ion pairs) 450 450 440 420 400 360 300 
Water (# molecules) 0 50 110 180 400 840 2700 
 
Water was described with the extended simple point charge (SPC/E) model [248]. 
The BMIM molecule was described by the all-atom force field developed by Lopes, et al. 
[249], and refined by Bhargava and Balasubramanian [250, 251]. In keeping with this 
force field, h-bonds within the BMIM molecule were constrained by the LINCS 
algorithm [252, 253]. The Leonard-Jones parameters for iodide were taken from the 
optimized intermolecular potentials for liquid simulations (OPLS) force field [254]. For 
both BMIM and iodide, we scaled the partial atomic charges to give total molecular 
charges of ±0.5. The technique of scaling charges in this manner has been extensively 
used to capture the effect of charge transfer between cation and anion in ionic liquids 
when using a non-polarizable force field [250, 255-258]. Models with scaled charges 
have been found to simulate density and diffusivity of ionic liquids better than models 
using charges of ±1 [250, 259, 260]. In this case, the charges were scaled to fit the 
simulated densities of [BMIM][I]/water mixtures to the densities measured by 
experiment. With molecular charges of ±0.5, densities of each simulation were within 
1.6% of the experimental density (as seen in Table A4 in the results section below). 
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After the initial boxes were generated, 1,000 energy minimization steps were 
performed using the steepest descent method.  Initial atomic velocities were generated 
with a Maxwellian distribution at an absolute temperature of 300 K.  Newton’s equation 
of motion was integrated using the leap-frog algorithm with a time step of 0.002 ps.  All 
simulations were carried out under the NPT ensemble using the Berendsen-thermostat 
[261] to maintain temperature at 300K and the Parinello-Rahman barostat [262] to 
maintain pressure at 1 bar.  The Particle-Mesh Ewald (PME) method was used to account 
for long-range electrostatic interactions.  The cut off distance for Lennard-Jones forces 
was chosen as r = 1.2 nm to match the cut-off used by the developers of the BMIM 
forcefield [249, 250]. After the simulation, densities, radial distribution functions, and 
diffusion coefficients were calculated using GROMACS analysis tools and the simulation 
systems were visualized using visual molecular dynamics (VMD). 
RESULTS AND DISCUSSION 
Densities and Melting Points of [BMIM][I]/Water Mixtures 
Density and melting point for each mixture were measured, as each of these 
properties is related to the internal structure and molecular interactions of ionic liquids 
and their mixtures. The values of each for [BMIM][I]/water mixtures containing various 
percentages of water are shown in Figure A1. The density of the mixture decreases only 
slightly (staying almost steady) between 0 and 50% water. From 50 to 100% water, 
density decreases exponentially with increasing water. The trend in melting points is 
similar, with one major difference – between 10 and 50% water, adding more water 
actually decreases the melting point, the opposite trend from that which might be 
expected given the relatively high melting point of water. This unusual trend in particular 
  
131 
calls for study of the mixtures on a molecular level, and will be discussed further below. 
As more water is added past 50% the melting point increases rapidly.  
From these results, it is clear that there are two distinct regions within the range of 
[BMIM][I]/water mixtures—one encompassing all mixtures up to 50% water by mole, 
and one encompassing all mixtures from 50% to pure water. Both properties shown 
above – density and melting point – are related to molecular-level ordering within the 
liquid. Density depends on the packing-together of molecules, while ionic liquids have 
unusually low melting points because their bulky structures prevent the formation of 
crystal structures. Therefore, it is likely that the two regions of IL/water mixtures (above 
and below 50% water) have different structures on the molecular scale. To explore this 
phenomenon, we employed molecular dynamics simulations performed in parallel to the 
experimental measurements. 
The densities calculated from MD simulations of the [BMIM][I]/water mixtures 
were compared to experimental densities, as seen in Table A2. The difference between 
Figure A1 (a) Density and (b) melting point of binary water/[BMIM][I] mixtures 
by mole fraction water (X1). The vertical line at X1=0.5 for each chart is 
provided for guidance. 
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the simulated and experimental densities ranges from -1.6% to 0.3%, indicating that the 
model is adequate to describe the interaction between water and [BMIM][I] molecules. 
 
 
Table A2 Simulated vs. experimental mixture density at 300 K. 
X1 
(mole fraction water) 
Density 
Simulation 
(g/cm
3
) 
Experiment 
(g/cm
3
) 
% Difference 
0 1.465 1.489 -1.6% 
0.1 1.462 1.476 -0.9% 
0.2 1.459 1.476 -1.1% 
0.3 1.454 1.462 -0.6% 
0.5 1.437 1.450 -0.8% 
0.7 1.398 1.392 0.4% 
0.9 1.259 1.259 0.3% 
 
Figure A2 shows representative snapshots of the simulation system for each of the 
mixtures. From viewing the system visually, it is possible to make qualitative judgments 
about the molecular ordering within the mixtures. At low water concentrations, individual 
water molecules are suspended within [BMIM][I]. Each water molecule is paired with at 
least one iodide atom, and most have attracted two. This may explain the trend in melting 
points between 10 and 50% water as seen in Figure A1. The water molecules draw the 
iodide atoms away from the BMIM molecules, making the mixture less ordered and 
preventing crystallization. 
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At 50% water, the water molecules are beginning to form chains of water-iodide-
water. After this point, the overall structure changes drastically with additional water. By 
70% water, chains of water reach across the simulation box, and not every water 
molecule is matched by an iodide atom, though nearly every iodide is attached to a water 
chain. At 90% water, the system resembles water with [BMIM][I] dissolved in it more 
than it does [BMIM][I] with chains of water snaking through. This may explain the rapid 
change in density at concentrations of water over 50%. It may also explain the change in 
the trend of melting points in this composition region. As the water molecules aggregate, 
it becomes easier for the water molecules to crystallize and the [BMIM][I] molecules 
become less of a barrier to crystallization. 
Figure A2 Representative snapshots of MD simulation boxes for mole percentages of 
water ranging from 10-90%. Each dot is an atom, with yellow representing [BMIM], 
red [I], and blue water. 
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Viscosities and Conductivities of [BMIM][I]/Water Mixtures 
Viscosity and ionic conductivity were measured as both properties are highly 
relevant to potential electrochemical applications of [BMIM][I]/water mixtures. These 
properties are shown in Figure A3.  
Viscosity and conductivity are generally related, as high viscosity impedes the 
movement of ions. Figure A3 confirms this relationship, showing that conductivity 
increases exponentially as viscosity decreases with a similar trend. 
As hydrogen bonding is one of the most significant factors effecting the viscosity 
of ionic liquids [263], it is not surprising that water content strongly effects viscosity: as 
water is added to [BMIM][I], the viscosity drops sharply. However, this effect seems to 
be more powerful for [BMIM][I]/water mixtures than for aqueous mixtures of other 
imidazolium ionic liquids. For example, neither [BMIM][SCN] [264], [EMIM][EtSO4] 
Figure A3 comparison of the conductivity (black squares) and 
average viscosity (blue circles) of binary water/[BMIM][I] 
mixtures by mole fraction water (X1). 
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[265], [EMIM][OTf] [265], nor [EMIM][TFA] [265] show such a steep drop in viscosity 
at compositions below 50% water. The viscosities of all of these ionic liquids decrease 
with added water, but more slowly. From this observation, it was hypothesized that the 
interaction between iodide and water accounts for the dramatic drop in viscosity with 
increasing water content and is important to the behavior of these mixtures.  The MD 
simulations bear out this hypothesis. Figure A4 shows a representative picture of the 
arrangement of BMIM, iodide, and water from the simulation, making it clear that iodide 
forms hydrogen bonds with the water. The pattern shown here reoccurs throughout the 
simulation, with water and iodide effectively forming chains of hydrogen-bonded 
molecules.  
The intermolecular interactions within the mixtures are further illustrated by the 
viscosity deviation – a measure of how the mixture viscosity differs from the viscosity of 
an ideal mixture. Viscosity deviation is calculated by the equation [266]: 
∆𝜂 = 𝜂 − 𝑥1𝜂1 − 𝑥2𝜂2 (A.1) 
Figure A4 BMIM (yellow), 
iodide (red), and water (blue) 
from simulation, showing 
hydrogen bonds. 
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where 𝜂 is the mixture viscosity as measured by experiment, xn is mole fraction, ηn is the 
viscosity of the pure components, and n = 1 for water and 2 for [BMIM][I].  It is shown 
in Figure A5.  In an ideal mixture, each component behaves as if it were in a pure liquid, 
so the viscosity deviation represents the interaction of the components in so far as those 
interactions affect viscosity. In this case, the viscosity deviation is negative for all mole 
fractions of water – the interactions between water and [BMIM][I] reduce viscosity. This 
is similar to other ionic liquid/water mixtures [264, 265, 267]. However, the magnitude of 
the deviation is much greater than that of these other mixtures, indicating that the 
interactions between [BMIM][I] and water must be unusual in some way although the 
detailed mechanisms of this interaction are unclear. This reinforces the observation made 
above that small amounts of water decrease the viscosity of [BMIM][I] more than similar 
ionic liquids with different anions.  
As can be seen in Figure A5, the viscosity deviation curve is also skewed toward 
the left with a minimum at about 30% water. This means that a small amount of water 
effects the viscosity of [BMIM][I] more than a small amount of [BMIM][I] effects the 
viscosity of water. 
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Radial Distribution Functions and Self-Diffusion Coefficients for [BMIM][I]/Water 
Mixtures 
To give a more quantitative picture of the structure of these mixtures, radial 
distribution functions (rdfs) were calculated from the MD simulations. Figure A6 shows 
rdfs centered around the imidazolium ring within BMIM. (Each cation molecule consists 
of a hydrophilic imidazolium ring, the “head,” and a hydrophobic hydrocarbon chain, the 
“tail.”) Adding any water at all changes the molecular ordering of [BMIM][I]. Even 10% 
water pushes the BMIM tail closer to the head. The water inserts itself into the ordered 
structure of the ionic liquid as it is pulled close to iodide through hydrogen bonds. The 
pattern is similar for all rdfs up to 50% water, when this ordering begins to break down. 
Between 50 and 90% water, the ordered spacing of iodide anions around the cation head 
Figure A5 Viscosity deviation vs. mole fraction water (X1). The line is a Redlich-
Kister polynomial [263] fit to the data by least-squares regression. Redlich-Kister 
polynomials describe excess molar quantities such as excess molar volume and 
viscosity deviation. It is the form 𝐐𝐢𝐣 = 𝐱𝐢𝐱𝐣 ∑ 𝐁𝐤(𝐱𝐢 − 𝐱𝐣)
𝐤𝐦
𝐤=𝟎  where i and j are 
any two components, Bk are parameters fit by regression, and m is the degree of the 
polynomial expansion. In this case a third order polynomial was used. 
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becomes less distinct until the rdf shows one broad, messy peak rather than several sharp 
ones. The water no longer has a small peak on either side of the iodide peak. By 90% 
water, the water is not inserted into the [BMIM][I] structure at all, and there is no 
apparent ordering of water around the cation head.  
These rdfs provide further evidence of two distinct behavior regimes below and 
above 50% water. They may also show why the viscosity deviation plot in Figure A5 is 
skewed to the left – even a small amount of water inserts itself into the ordering of 
[BMIM][I], disrupting the intermolecular interactions that account for the IL’s unusually 
high viscosity. 
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Figure A6 Radial distribution functions around the cation head. “Head” 
refers to the imidazolium ring within BMIM while “tail” refers to the butyl 
chain. 
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Since iodide-water hydrogen bonding has been shown to important for the 
behavior of these mixtures, rdfs were also calculated for iodide and water surrounding the 
iodide anion. These are shown in Figure A7. Water arranges itself around iodide in two 
peaks which probably represent two hydrogen atoms drawn to the iodide by hydrogen 
bonds. Please note, the magnitude of these peaks decrease as the water content increases. 
This is because, in low water content mixtures, every single water molecule is drawn 
close to an iodide atom. As more water is added, some of the water molecules are close to 
other water molecules instead. Since the rdf is normalized against the all the water in the 
system, the size of the peaks around iodide decrease. More interesting is the radial 
distribution function of iodide around itself. At low concentrations of water, there is a 
broad peak indicating that iodide molecules tend to stay at a similar distance from each 
other, but only somewhat. As more water is added, another peak appears closer to the 
center iodide as the water molecules draw the iodide atoms closer together than they 
would otherwise arrange themselves. This peak becomes distinct at 50% water (the 
divide between the two composition regions identified above) and only becomes more so 
as the water concentration rises to 90% and every single iodide is hydrogen-bonded to 
water (the reverse of what happens at low water concentrations).  
  
  
141 
  
Figure A7 Radial distribution functions of iodide and water around the iodide 
anion. 
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Finally, in order to examine the dynamics of the MD simulation systems, self-
diffusion coefficients were calculated for the cation, anion, and water. These are shown in 
Figure A8.  
In the 0-50% water region, increased water concentration decreases the mobility 
of all species (though the diffusion coefficient of BMIM does rise slightly at X1 = 0.2). 
Like the melting points shown in Figure A1, this is the opposite of the expected trend.  At 
higher water concentrations, the diffusion coefficient for BMIM dips even lower before 
rising to a value slightly below that for pure [BMIM][I]. The diffusion coefficients for 
water and iodide, on the other hand, rise as water aggregates into a bulk phase, allowing 
for high mobility. At 90% water, iodide anions move much more freely than the cations 
they are paired with as they are pulled along by their strong attraction to water.  This 
complements the experimental measurement of ionic conductivity, which found that 
Figure A8 Self-diffusion coefficients versus mole fraction water (X1). 
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increasing amounts of water dramatically increased conductivity, particular at 
concentrations greater than 50%. 
CONCLUSIONS 
Density, melting point, viscosity, and ionic conductivity were measured for 
[BMIM][I]/water mixtures with various concentrations of water. Density was found to 
change little at water concentrations below 50 mol. %, but drop dramatically with 
additional water at concentrations above 50%. Melting point was found to increase with 
the addition of any water (compared to pure [BMIM][I]) but to decrease slightly with 
more water up to 50%, after which it increases rapidly. Viscosity was found to decrease 
exponentially with added water, while conductivity (a related property) was found to 
increase exponentially. Viscosity deviation was calculated and found to be negative and 
to skew toward lower water compositions. This indicates that the interactions between 
[BMIM][I] and water were disproportionately strong at small water concentrations. 
Molecular dynamics simulations showed ordering within the IL/water mixtures. 
At low concentrations, water molecules were found to insert themselves into the ordered 
cation/anion structure. However, at 50 mol% water this complicated ordering began to 
break down until, at high concentrations of water, the mixtures resemble water with 
regions of [BMIM][I] dissolved within. This distinction—between low and high water 
concentration regions – may explain the observed trends in density and melting point of 
these mixtures. Hydrogen bonding between water and iodide were found to be strong and 
important for understanding mixture behavior, particularly the dramatic increase in 
conductivity at higher water concentrations. 
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This paper is the first systematic study of [BMIM][I]/water mixtures, either 
experimentally or through simulations. It begins the work of understanding these 
mixtures so that they may be better tuned for future applications. 
 
 
 
